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ABSTRACT
Achieving a highly cyclable, high energy density battery with MnO2 cathodes encounters
many obstacles. Chief among these is the inability of the widely-used γ-MnO2 polymorph to
retain its structural integrity when cycled to near full one-electron discharge capacity, which is
about 280mAh/g for commercially available electrolytic manganese dioxide (EMD). In this oneelectron range, discharge occurs by proton insertion producing Mn+3 which then reverts to γMnO2 on charging. In the first part of the thesis, we investigate the root cause of failure of MnO2
cathodes under deep cycling in the one-electron discharge range and establish a strong link
between capacity fade and the amount of birnessite (another polymorph of MnO2) that appears to
be formed. We uncover the underlying cause of cathode capacity fade by cycling industrially
produced EMD cathodes at various levels of theoretical one-electron capacity, termed depth of
discharge (DOD), of 100%, 50% and 30%. As well, the KOH electrolyte concentration is varied
to 37, 25, and 10 wt. %, to investigate concentration effects. Based on the findings, we propose
that one major cause for loss of capacity on cycling of MnO2 cathodes stems from the solubility
of Mn+3 formed during discharge, with higher solubility being found in higher concentration
KOH. This solubilization process effectively results in destruction of the γ- MnO2 phase and
amorphization of the cathode. On charging the Mn+3 in solution appears to deposit on the
cathode surface as birnessite, which contributes little capacity in the first electron discharge
region for the cathode.. The results show that the bulk of the γ-MnO2 phase is preserved only in
~10 wt. % KOH, which indicates the attractive range of KOH concentration for cycling of
rechargeable γ-MnO2 cathodes.
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In the second part of the thesis, we address the problem of redistribution of zinc over the
electrode surface, also known as shape change, which is a major cause of failure in alkaline zinc
anode batteries. To mitigate this phenomenon, we propose a scalable approach based on an insitu formed, highly porous electrochemically synthesized ZnO matrix with uniformly
electrodeposited zinc particles. The formation approach results in electrochemically synthesized
ZnO/Zn anodes providing a stable ZnO matrix in which Zn particles retain their localized
distribution on cycling better than control electrodes conventionally made by pasting zinc
particles together with a binder resulting in ~70 % improvement in cycle life at 10 mA/cm2 rate.
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Chapter 1: Introduction

Chapter 1 Introduction
1.1.

Motivation
With growing concerns over oil supply and global warming finding competitive energy

storage technology that is safe, has low CO2 emissions and inexpensive becomes crucial.
Although Li-ion battery technology is in the forefront of meeting the energy needs, the use of
organic solvents makes it unsafe and more expensive than other aqueous electrolytes. Cobalt, a
key ingredient in lithium ion battery cathodes, is very expensive and lithium cobalt oxide is also
thermally unstable which adds a serious dimension of danger due to the possibility of thermal
runway reaction occurring1,2. Therefore alternate battery chemistries involving aqueous
electrolytes are important especially for applications such as grid-scale energy storage where
safety and economics are the primary driving factors for battery technology selection.
An economically viable battery is one which provides lower specific cost per unit stored
energy. A preliminary economic analysis done on a Zn/MnO2 9 cell battery pack rated at 12.8 V
and 1030 Wh, showed reasonable levels of utilization of the active materials results in a specific
cost of <$100/KWh3. This value is competitive when compared to current cost of other battery
technologies such as Li-ion ($300-$1000/kWh) and Pb-acid ($200/kWh-$400/kWh) and
promising with respect to energy storage for the grid. A schematic of the Zn/MnO2 battery with
the discharge reactions is shown in figure 1.1. Based on the current pricing of Zn and MnO2, the
cost target of <$100/kWh can be achieved with a material utilization of 12-15% on the zinc
anode and 20% utilization of the 1st electron capacity from the MnO2 cathode. However, the
1
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cycle life under these conditions is currently about 200-300, whereas it is considerably more at
10% utilization. The study also showed a more sensitive dependence of cost on the MnO2
utilization ($88/kWh @ 20% DOD) rather than on the Zn anode utilization3. The lifetime
investment cost as calculated from the following equation was also found to be ~5 ȼ per KWh
per cycle (3200 cycles, 10% MnO2 utilization)

Equation 1.1

𝑺𝒕𝒐𝒓𝒂𝒈𝒆 𝒄𝒐𝒔𝒕 𝒑𝒆𝒓 𝒄𝒚𝒄𝒍𝒆 =

$
)
𝒌𝑾𝒉

𝑺𝒕𝒐𝒓𝒂𝒈𝒆 𝒄𝒐𝒔𝒕 (

𝒄𝒚𝒄𝒍𝒆 𝒍𝒊𝒇𝒆 ×𝒆𝒏𝒆𝒓𝒈𝒚 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%)

Figure 1.1: A schematic diagram of the Zn/MnO2 alkaline battery showing all battery
components and the discharge reactions

2
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Figure 1.1 below shows the rechargeability of industrially made MnO2 cathodes (80 wt.
% and 1.9 mm thickness) at different depths of discharge (DOD) of the 1st electron in 37 wt. %
KOH.

Figure 1.2 MnO2 rechargeability at different depths of discharge (DOD) or utilization of the 1st
electron (308 mAh/g).

The first full electron capacity of γ-MnO2 is 308 mAh/g. The term ‘% DOD’ refers to
the percentage utilization of the 1st electron capacity. Figure 1.1 shows data collected from halfcell experiments using Hg/HgO as reference electrodes and cycled at ~0.25 A or 6.45 mA/cm2.
As the depth of discharge on the MnO2 cathode is increased, the cycle life at the rated capacity
reduces quite drastically, falling well below the 3200 cycles found in laboratory studies at 10%
utilization. The fall in capacity is also very precipitous. A real-life battery is usually connected to

3
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a load via a Battery Management System or BMS. A performance of a battery cathode like that
shown in figure 1.1 may make it very hard for the BMS to detect that a failure condition is being
approached. It may give the battery a clean chit despite its dangerous state of health condition as
the end of its cycle life is approached. This capacity fade behavior is a result of the materials
evolution inside the MnO2 cathode and is finely intertwined with the electrochemical reactions
occurring at the electrode-electrolyte interface resulting in the generation of nonelectrochemically rechargeable compounds that reduce the state of charge and state of health of
the battery. Hence, investigating the failure mechanism and establishing a quantitative relation
between the materials formed inside the battery electrode and their effect on the cyclability of the
cathode in a predictable manner is of great importance.

1.2.

Literature on MnO2 rechargeability in alkaline electrolyte
Electrolytic manganese dioxide (EMD) is a widely used energy storage material and an

essential component of primary alkaline batteries. Because of its low cost, water compatibility,
large reserves and relatively high gravimetric capacity (617 mAh/g), its use as battery cathode is
preferred over other more expensive counterparts such as nickel3.
Manganese oxides exist in several different polymorphs and display a variety of complex
structures. The basic unit of all the polymorphs is a small Mn+4 ion in the 3d3 configuration and
the 𝑂22− ion in the 2p6 electronic configuration bonded together via edge and corner sharing
MnO6 octahedra (figure 1.3 a). The heterogeneity in the MnO2 polymorphs stem from the
different ways in which these MnO6 octahedra are connected. Figure 1.3 below shows a
schematic representation of the different polymorphs of MnO2.
4
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𝛽 − 𝑀𝑛𝑂2, also known as pyrolusite has the structure of rutile or TiO2 and is the most
stable of the polymorphs (figure 1.3 b). This polymorph is an infinite chain of MnO6 octahedra
formed by sharing opposite edges and corners. This leads to the formation of a framework that
looks like a tunnel usually denoted by T(n,m), where n and m are the dimensions of the tunnel
perpendicular to the edge sharing octahedra4. Therefore, pyrolusite is also denoted by T(1,1) as
here, the edge sharing MnO6 octahedra form a 1x1 tunnel.
𝑅 − 𝑀𝑛𝑂2, also known as ramsdellite has a structure similar to rutile but instead of
sharing single chains of MnO6 octahedra, they are now linked via double chains. These double
chains share their corners to now form a framework that is denoted by T(1, 2) consisting of 1x2
tunnels (figure 1.3. c). Unlike in the case of pyrolusite where all MnO6 octahedra are similar and
only one type of O atom exist namely the Oplanar, here there also exists a Opyr which gets
hydroxylated on reduction of ramsdellite to groutite, -MnOOH4.
-MnO2 or spinel structure is formed via a well-known ‘chimie douche’ process
involving the deintercalation of Li from LiMn2O4 which preserves the spinel structure of initial
material (figure 1.3 g)4.
-MnO2 is a polymorph (figure 1.3 f) that consists of large 2x2 tunnels formed by double
chains of edge sharing octahedra and is denoted by T(2, 2). These tunnels are sometimes found
to store cations such as Ba+2 (Hollandite) and K+ (cryptomelane)4.

5
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Figure 1.3: a) MnO6 Octahedra b) Pyrolusite β-MnO2 c) Ramsdellite R-MnO2 d) γ-MnO2
e) Potassium Birnessite f) Hollandite -MnO2 g) Spinel -MnO2
6
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Phyllomanganates is a class of layered MnO2 that have a lamellar structure formed by
edge sharing MnO6 octahedra4. The space between the MnO6 octahedra is occupied by a layer of
water molecules and hydroxide ions. The overall negative charge of the octahedral layer is
balanced by incorporating cations into the gap between the layers. Phyllomanganates are usually
classified into two types: the 7-Å layer birnessite group and the 10-Å layer buserite group. The
7-Å birnessite (figure 1.3 e) is formed usually on reoxidation of γ-MnO2 that has undergone deep
discharge or by ageing of chemically reduced γ-MnO2 in concentrated KOH. The 10-Å layer
Phyllomanganates are just hydrates of the 7-Å birnessite group compounds4.
The 𝛾- MnO2 polymorph can either be NMD (natural MnO2), EMD (electrochemical
MnO2) or CMD (chemically produced MnO2) depending upon its origin. The phase which is
produced electrochemically, provides best performance and is therefore industrially important in
alkaline Zn/MnO2 batteries4,5. γ-MnO2 exhibits a very complex crystal structure considered to be
an irregular intergrowth of ramsdellite (2 x 1 tunnel structure) and pyrolusite (1 x 1 tunnel
structure) units giving rise to a structure with microtwinning defects and De Wolf disorder
(figure 1.3 d). These defects are responsible for line shifts and broadening of the experimental Xray diffraction pattern6.
There have been a slew of research articles in the past decades solely dedicated to
understanding the discharge mechanism of MnO2 in alkaline environment7–14. Yet, because of
the complexity of the process and the dissimilar reaction conditions these numerous studies have
led to variegated results and conclusions. Kozawa first proposed that the discharge mechanism of
MnO2 proceeds via a homogeneous proton-electron intercalation step (Mn+4 → Mn+3) which
occurs around 1.5 to 0.9 V vs 𝑍𝑛/𝑍𝑛(𝑂𝐻)2−
4 and is followed by a dissolution precipitation step
7
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(Mn+3 → Mn+2) which occurs below 0.9 V vs 𝑍𝑛/𝑍𝑛(𝑂𝐻)2−
4 . With more studies being
conducted on the system by numerous authors, there is a consensus in literature over the
discharge mechanism of MnO2 being roughly divided into three regions (figure 1.4):

Figure 1.4 Reduction of γ-MnO2 in alkaline electrolyte showing the different discharge regimes

1.) Reduction from MnO2 to α/γ-MnOOH or groutite/manganite. This occurs in the range
of 0.2 V to -0.35 V vs Hg/HgO.
2.) Somewhere during mid-reduction, around -0.12to -0.16 V vs Hg/HgO, there is
formation of an amorphous phase or a lower oxide.
3.) Reduction of Mn+3 to Mn+2 around -0.4 V vs Hg/HgO and precipitation of Mn(OH)2
or pyrochroite.

8
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In order to obtain a rechargeable MnO2 cathode, understanding the evolution of materials
during redox cycling is of utmost importance. Table 1 presents a list of various literature
references studying MnO2 discharge mechanism under different alkaline electrolyte systems. The
list clearly demonstrates the variety of cycling conditions, cathode specifications and the results
observed therein. There has been a debate over the products seen on discharge with certain
papers reporting Mn(OH)2, Mn3O4, Mn2O3 and MnOOH9–11 while some reporting only Mn(OH)2
and no Mn3O415. While formation of Mn3O4 (or other spinel phases) is considered to be the root
cause of failure, the route to the formation of the spinel phase has also been contentious.
Mondoloni showed that discharge to greater than 0.8 H+ leads to the formation of hausmannite16,
while Gallaway showed using in-situ energy dispersive X-ray diffraction (EDXRD) that
discharge to greater than 0.79 H+ leads to the formation of α-MnOOH which is the pre-cursor to
the formation of spinel phases17. Minakshi, on the other hand, showed that it is K+ intercalation
that retards the usual H+ intercalation pathway and because of its bulky size compared to Mn+3
ions and leads to cathode failure18,19.
Table 1.1 List of different studies conducted on the failure mechanism of γ-MnO2 cathodes in
the literature1.
Index

Cathode

Electrolyte

Discharge

Battery Cycling

specification

used

products/Mechanism procedure

Reference
No.

of MnO2 cathode
failure

1

Xr corresponds to the state of charge of MnO2. Literature containing only γ-MnO2 as the active material (no
cathode additives) and single component/cation electrolyte are listed below. Literatures containing both
galvanostatic cycling as well as single discharges have been considered.
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1.

Occurrence of α-

The battery was

Gallaway

MN1500 AA

MnOOH phase at

cycled at 400

et al.17

(~97 %

Xr = 0.79 followed

mA, 143 mA &

MnO2)

by ZnMn2O4 near

100 mA from

the separator and

1.6 V to 0 V

Mn3O4 in the

against Zn anode

Duracell

9 M KOH

interior
2.

3.

65 wt. %

45 wt. %

Resistive film

Cell cycled at 15

Ingale et

MnO2

KOH

formation of spinel

mA/g MnO2,

al.3

(Tronox), 30

(11.6 M

phases on the MnO2

10% DOD for

wt.% KS44,

KOH)

particles that

3004 cycles

5 wt. %

increase

against Zn anode

PTFE

overpotential

70 wt.%

5 M KOH

K+ ion insertion and

Discharge at 8

Minakshi

MnO2

surface film

mA-g MnO2 to

et al.18

(battery

formation on MnO2

1.0 V vs Zn

grade Sigma

particles

anode

Irreversible

20 mA/g at

Aldrich), 20
wt. %
acetylene
black, 10 wt.
% PVDF
4.

62 wt.%

5 M LiOH
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Rus et al20
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MnO2

transformation

+0.6 V and +0.4

(Tronox), 16

because of LiMn2O4

V vs RHE

wt.%

spinel formation

against

(Graphite +

Ni(OH)2/NiOOH

carbon

pseudo reference

black), 16.5

electrodes

wt. % PTFE
5.

6.

75 wt. %

7 M NaOH Na+ ion insertion

8 mA/g cycled

Minakshi
et al21

MnO2 (Foote

forming NaMnO2.

between 1.8 V

mineral

Eventual capacity

and 1.0 V vs Zn

company), 15

decay attributed to

anode

wt. % Carbon

large size of Na+

black, 10 wt.

ions or low

% PVDF

conductivity

75 wt. %

Saturated

Li+ insertion

Discharged at

Minakshi

MnO2 (Foote

LiOH with

leading to the

0.5 mA/cm2 to 1

22

mineral

1M

formation of

V against Zn

LixMnO2.

anode

Discharge beyond

1.4 V and 0.6 V

company), 15 ZnSO4
wt. %
Acetylene
black, 10 wt.
% PVDF
7.

80 wt. %

8.5 M

11

Mondoloni
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vs Cd anodes

et al.16

Rechargeability can

Linear sweep

McBreen23

MnO2, 40%

be maintained if

voltammetry at

(graphite +

cycled in the

25 μV/s between

acetylene

potential range

-1.1 V to 0.45 V

black)

where no Mn(OH)2

vs Hg/HgO

(International

is formed, which on

common

oxidation gives δ-

Sample L.C.

MnO2 which in turn

No. 1.)

discharges to form

MnO2

KOH

0.8 H+ leads to

(Tekkosha

Mn2O3 (or Mn3O4)

Company),

and Mn(OH)2

20wt. %

formation.

graphite

Subsequent charge

(KS44)

leads to Mn2O3 or
Mn3O4 leading to
poor rechargeability.

8.

60 % γ-

7 M KOH

Mn3O4.
9.

87.5 % EMD

7 M KOH

Potential

Discharge at 5

and 12.5 %

deterioration to the

mA/cm2 for 8 hr.

graphite

point where Mn3O4

vs Hg/HgO

is formed as a film

reference

at the EMD/current

electrode
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collector surface
10.

11.

12.

72 wt. %

7.6 N

Presence of Mn4O7,

Discharge

Cahoon

MnO2, 28 wt.

KOH

manganite (Mn2O3

against

and

% acetylene

H2O), bixbyite,

amalgamated Zn

Korver11

black.

MnOOH, Mn3O4,

anode to 0.8 V at

Mn(OH)2

60 mA/g

Presence of spinels,

Step potential

MnO2

MnOOH, Mn2O3,

electrochemical

(different

but no Mn(OH)2

intercalation

65 wt. %

9 M KOH

types, one

spectroscopy

obtained

(SPECS)

from Kerr-

technique

McGee

conducted in 635

Chemical

alkaline button

LLC), 35 wt.

cells against Zn

% carbon

to 0.6 V

3 % MnO2

9 M KOH

Paik et al.25

Presence of only

Galvanostatic

Patrice et

(synthesized

Mn(OH)2 at the end

intermittent

al.15

according to

of 2nd electron

titration

Wang’s

process

technique

patent83),

(GITT)

32.5 %

experiments

carbon and

against Pt or Cd
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64.5 % coke

at C/10 rate
current pulses of
1 hr and 4 hr rest
period

13.

87.5 %

37 wt.%

Proton insertion

Discharge

MnO2, 12.5

KOH

leading to

against Ni screen

amorphization

counter

which crystallizes

electrode and

into Mn3O4 and

Hg/HgO

beyond 0.4 V vs H2

reference

electrode forms

electrode.

% graphite

Boden et
al.9

Mn(OH)2
14.

15.

1: 10 ratio of

9 M KOH

End product of

Discharged at 40

Donne et

MnO2 to

EMD reduction was

mAh/g between

al.26

KS44 Timrex

Mn(OH)2 and no

OCP and -600

KS44, 10 %

Mn3O4 was

mV vs Hg|HgO.

9M KOH

detected.

85% MnO2,

86 % KOH Presence of

Discharge to 0.4

Bell and

10 %

(46 %

MnOOH, Mn2O3

V vs Zn at 0.5

Huber10

Graphite and

KOH

and Mn(OH)2

mA/g of MnO2.

10 %

pellets and

acetylene

46 % H2O)

black

with 7.5 %
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ZnO

It is interesting to note that all the fundamental studies conducted on γ-MnO2 were in 5M or
higher KOH concentrations. In a recent study, the effect of KOH concentration on the
rechargeability of MnO2 cathodes was studied against Zn and Cd anodes3. Highest capacity
retention was seen in 10 wt. % KOH in both Zn-MnO2 and Cd-MnO2 cells, while the highest
capacity loss was seen in 45 wt. % KOH. This phenomenon raises some important questions
regarding the rechargeability of MnO2 in different KOH concentrations and suggests that MnO2
cathode failure is intimately connected to deleterious reactions occurring at the electrodeelectrolyte interface. Previous studies conducted on Mn(III) solubility in KOH have found that
increasing KOH concentration increases Mn(III) solubility very steeply from 5.3M (~ 25 wt. %
KOH) to 13.5 M (55 wt. %) KOH (130 to 510 mg/L)27. Therefore, it is no surprise that cells with
higher KOH concentration would show higher Mn(III) solubility as Mn(III) ions are formed
during the discharge process. However, the subsequent effect of Mn(III) dissolution on materials
evolution responsible for continuous deterioration of capacity is still not clear. In the first part of
this thesis we investigate the failure mechanism in γ-MnO2 cathodes at different utilizations and
in different electrolyte concentrations to unearth the root cause of failure in alkaline electrolyte.
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1.3.

Zinc Anode failure and the phenomenon of Shape change
Zinc has found its way into a host of battery systems such as zinc- air, zinc- bromine,

silver-zinc, zinc- manganese dioxide and nickel-zinc batteries on account of its low toxicity, low
cost, high theoretical specific capacity (820 mAh g-1) and ease of handling. The non-toxicity and
abundance of this raw material, this rechargeable anode is ideal for grid-scale electrical energy
storage applications, provided moderate to high levels of material utilization can be achieved
with good cycle life84. However, due to the unpredictable behavior of metallic zinc anodes in
concentrated alkaline electrolyte, its use has been greatly limited28.
The anodic behavior of zinc electrode has been a subject of numerous studies and
mathematical models over the past decades29–36. The discharge mechanism of a zinc anode
proceeds with an electrochemical oxidation step leading to the formation of zincate ions, ,
according to equation 1.2. After a critical zincate ion concentration is reached, the dissolution
step is then followed by precipitation of ZnO, according to equation 1.3. The overall discharge
reaction at the anode is given by equation 1.4.

Equation 1.2:

𝒁𝒏 + 𝟒𝑶𝑯− → 𝒁𝒏(𝑶𝑯)𝟒 𝟐− + 𝟐𝒆−

Equation 1.3:

𝒁𝒏(𝑶𝑯)𝟒 𝟐− → 𝒁𝒏𝑶 + 𝟐𝑶𝑯− + 𝑯𝟐 𝑶

Equation 1.4:

𝑍𝑛 + 2𝑂𝐻 − → 𝑍𝑛𝑂 + 𝐻2 𝑂 + 2𝑒 −

𝐸 0 = −1.35 𝑉 𝑣𝑠 𝐻𝑔/𝐻𝑔𝑂

Principal causes of cell failure have been ascribed to zinc dendrite formation leading to
shorting, and to loss of capacity due to anode shape change37. The problem of undesirable zinc
morphology, such as the mass transfer-limiting dendritic morphology or the kinetically limiting
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mossy type of zinc, has been a widely studied topic38–41. Various efforts for obtaining compact
zinc deposits by introducing additives in the electrode and electrolyte have been extensively
tested28,34,41–44. Along with additives, improving on the charging protocol by pulsing the current
and enhancing mass transfer by electrolyte flow are two methods which have shown great
success in preventing dendritic morphology45,46. These ideas are based on the concept of
‘refreshing’ the zinc surface either by giving rest periods or flowing electrolyte, thereby allowing
the zinc surface concentration to relax either by diffusion or convection. Changing the
architecture of the zinc anode, for example as a 3 D sponge anode or making use of a foam form
factor on conductive carbon fibers has also resulted in dendrite-free cycling and better
retention47–51. With the advent of more sophisticated membranes, zincate transport and cell
shorting due to zinc dendrites has been addressed to a large extent52,53.
The problem of zinc electrode shape change however has not been fully overcome due to
the movement of zincate ions in the electrolyte accompanied by electrodeposition of metallic
zinc in disparate locations when cycled in concentrated alkaline electrolyte. Zinc electrode shape
change, as defined by Newman and Choi, is the redistribution of active material over the
electrode surface as a result of cycling54. This phenomenon gradually develops over several
cycles resulting in reduced active electrode surface area as the zinc active material accumulates
towards the bottom and other electrolyte rich regions, while severely denuding the upper regions
of the electrode. Three major theories in the literature concerning the mechanism of shape
change have been proposed. They are a) “Concentration cell model” by McBreen (1972) that
attributes self-discharge of concentration cells developed during cycling to be the reason behind
shape change55, b) “Electrolyte flow model” by Choi and Newman (1976) that considers
convective flow caused due to osmotic and electro-osmotic forces as the primary cause of zinc
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redistribution56 and c) “Density gradient model” by Einerhand (1991) that supports the idea of
shape change caused by convection as a result of density gradients57. It is generally accepted
that the transport of zincate ions [𝑍𝑛(𝑂𝐻)4 ]2− , in alkaline electrolyte is due to a combination of
diffusion and some form of convection58. However, the amount of shape change is a complicated
phenomenon which is a function of the amount of electrolyte, its concentration, additives,
presence of electrolyte reservoirs outside the electrode stacks, mechanical effects caused by
volume expansion/contraction upon cycling and gas formation.
As zinc redistribution is propagated through the solution phase via the formation of the
zincate ion, many attempts have been made to reduce the presence of zincate ion in the
electrolyte, for example, by lowering the concentration of potassium hydroxide, KOH37. For
higher ionic conductivity and low zinc solubility, electrolytes such as potassium borate,
potassium fluoride, potassium silicate and potassium carbonate have been recommended47,59,60.
Using selective anion exchange ionomers has shown to arrest the movement of zincate ions and
significantly improve zinc anode utilization and retention61–63. The idea of trapping zincate by
binding it to calcium hydroxide, forming the insoluble calcium zincate, 𝐶𝑎(𝑂𝐻)2 ∙ 2𝑍𝑛(𝑂𝐻)2 ∙
2𝐻2 𝑂 is well known and has shown to improve cycle life performance at moderate to high Zn
anode utilization64,65. The addition of heavy metals in the form of oxides/ hydroxides such as In,
Pb, Bi has also shown to reduce shape change66,67. This improvement has been ascribed to a
substrate effect along with increasing the polarizability of the electrode which results in uniform
current distribution.
The several remedies stated above have been used in Zn electrodes which are in many
cases made starting with powdered ZnO bound with PTFE (Teflon), and then formed by
charging. This procedure is common because many commercially important alkaline batteries
18
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(Ag-Zn, Ni-Zn) require the cathode material to be ‘formed’, e.g. Ni(OH)2 has to be first charged
to form NiOOH in Zn-Ni cells before use68. The Zn/MnO2 battery, however, does not require this
procedure as MnO2 can be directly discharged as in primary alkaline cells (made for example by
Duracell, Energizer, etc.). The starting anode material may therefore consist of metallic Zn
particles. There is no literature available that discusses in detail the difference in propagation of
shape change between the two types of Zn anodes, i.e., those that are ‘formed’ from ZnO and
those made from Zn metal, and the effect of the starting material on the cycle life performance of
the batteries. In the second part of this thesis we address the problem of zinc electrode material
redistribution in alkaline electrolyte by investigating the way we cycle metallic zinc electrodes.
We propose a unique pre-forming step that can be used on traditional Zn/MnO2 batteries
resulting in reduced material redistribution and improved cycle life84.

1.4.

Overview
Chapter 2 describes the experimental section of the tools and techniques used to analyze

the anodes and cathodes before and after cycling. It describes the method of preparation of the
MnO2 and the zinc electrodes, cell assembly and the cycling protocol used for galvanostatic
testing of full and half cells. We describe two key experimental techniques developed in the lab
namely; the stationary detector electrode study for in-situ detection of Mn dissolution products
and ammonium acetate tests for quantification of shape change in zinc anodes. We also describe
in detail the procedure for obtaining the Mn+4, Mn+3 and Mn+2 content from peak fitting of the
Mn 3p XPS curves.
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Chapter 3 is the heart of the work done on the rechargeability of MnO2 in KOH
electrolyte. The chapter discusses the effect of KOH concentration on the capacity retention of
MnO2 in half cell configuration by removing the effect of zinc from the picture. The post mortem
analysis done on the cycled cathodes using XRD, SEM and FIB-SEM are discussed after the
cycle life experiments. The hypothesis for MnO2 capacity fade is proposed in this chapter and
tested using the stationary detector electrode experiments, XPS and cyclic voltammetry studies.
Chapter 4 presents preliminary data on the behavior of MnO2 in sodium hydroxide
electrolyte and tests MnO2 rechargeability in various concentrations of NaOH solutions. The
difference in the performance of MnO2 in KOH and NaOH electrolytes is studied here using
cyclic voltammetry and Mn solubility tests.
Chapter 5 constitutes the work done on zinc anode shape change. We describe the
concept of encaging zinc particles in a porous and electrochemically rechargeable matrix and
propose a simple way of introducing this concept in the form of a pre-forming step in the
traditionally built Zn/MnO2 cells. We demonstrate the concept on full Zn/MnO2 cells and
compare the cycling of the zinc electrodes in the two different configurations namely; Zinc
‘control’ cells where the zinc electrode is simply formed by mixing zinc particles with Teflon
binder and the second configuration consists of what we call the ‘Electrochemically synthesized
ZnO anode’ formed as a result of the pre-forming step.
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Chapter 2 Experimental
2.1.

Zinc Anode

The Zn electrodes were made using 85 wt. % metallic Zn (Umicore, USA), 10 wt. % ZnO
(Fischer Scientific, USA) and 5 wt. % T3859 Teflon (DuPont, USA). The Zn, ZnO and Teflon
were wet-mixed in a ball-mill and rolled into sheets with the help of isopropanol. The ball-milled
mix was air dried at 60℃ for 2 hours. 2’’ x 3’’ pieces were cut out from the sheet. This piece was
then pressed on to an expanded mesh Cu current collector at 4.83 kN cm-2. Copper current
collectors were used since side reactions pertaining to Cu dissolution occur at very positive
potentials with respect to Hg/HgO compared to potentials cycled herein69. The pressed
dimensions of the Zn electrodes were 76.2 mm x 50.8 mm x 0.43 mm. The mass of each Zn
electrode sheet (2’’x3’’) was approximately 6.3 g.

2.2.

MnO2 electrodes

The MnO2 electrodes were provided by Urban Electric Power. Inc. They consisted of 80 wt.
% Erachem MnO2, 15 wt. % graphite (a mixture of BNB90 and MX25) and 5 wt. % PTFE. The
current collector is an expanded Ni mesh. The pressed dimensions of the MnO2 electrodes were
76.2 mm x 50.8 mm x 1.651 mm. The cathode mass is around 18-19 g.
For the Cd/MnO2 cells the MnO2 powder was purchased from Tronox, USA. Sintered Cd
electrodes (as well as NiOOH/Ni(OH)2 electrodes) were purchased from Jiangsu Highstar
Battery Manufacturing Company Ltd. (China). The MnO2 cathodes in these experiments were 65
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wt. % EMD, 30 wt. % graphite (KS44) and 5 wt. % PTFE. The cathode mass was approximately
3 g.

2.3.

Cell and Separator Assembly

In the full Zn/MnO2 cells, the MnO2 cathode was wrapped in three layers of cellophane
(350P∅∅) which was purchased from Innovia Films Inc., USA. The anodes were wrapped in
non-woven cellulose Pellon membrane (FS2192-11SG).The cell assembly consisted of two
anodes sandwiched between three cathodes (figure 2.1). The cell pack was inserted into a
polysulfone box with the empty space being filled with polypropylene shims on both sides of the
pack to maintain uniform compression.
In the half cell configuration, the NiOOH/Ni(OH)2 counter electrodes were wrapped in three
layers of cellophane. The cell pack consisted of two counter electrodes sandwiching one MnO2
cathode (figure 2.2).
The electrolyte consisted of 40 ml of an aqueous mixture of potassium hydroxide (or sodium
hydroxide) made by dissolving KOH (NaOH) pellets in DI water. KOH and NaOH pellets were
obtained from Fischer Chemicals, USA. All cells were soaked for 8 hours.
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Figure 2.1 A schematic diagram of the components in a Zn/MnO2 battery
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Figure 2.2 A schematic diagram of the components in the MnO2 half-cell experiments

2.4.

Cycling Protocol

In the full cell configurations, the Zn/MnO2 cells were assembled in the charged state. For the
zinc ‘control’ anode cell, cycling begins with a discharge at C/3 rate. Here, ‘C’ stands for cycled
capacity. The zinc electrode is cycled at 11% utilization of the total Zn content in the electrode
(Zn + ZnO). Discharge is carried out at constant current until the desired capacity is reached or
the cell voltage diminishes to 1 V. Charging proceeds at C/3 constant current followed by
constant voltage (CC-CV) if the voltage reaches a limit of 1.65 V. Charging is terminated either
if charge capacity (5 % excess of discharge capacity) is achieved, or if the current falls below
10% of the charging current.
The MnO2/Cd cells were cycled to access 1st electron capacity at C/20 rate to 0.6 V, ‘C’
being the 1st full electron capacity. The MnO2/Ni half cells were cycled at 50 % and 30 %
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utilization using a protocol that consisted of constant current discharge (0.25 A) to -0.38 V vs
Hg/HgO and constant current/constant voltage charging to 0.32 V vs Hg/HgO. Figure 2.3 below
describes the cycling protocol in the alkaline batteries and provides the limits used in all the full
cell and half-cell experiments.
All the galvanostatic cycling experiments were performed on an Arbin BT-2000 48-channel
battery testing machine.
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Figure 2.3 The constant current-constant voltage cycling protocol used in the full (Zn/MnO2)
and half cells (MnO2/NiOOH)
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2.5.

Materials Characterization using Microscopic and Spectroscopic
techniques
All cycled and non-cycled materials were characterized using X-ray diffraction. The X-

ray diffraction patterns were obtained using a PANanalytical X’Pert Pro Powder Diffraction
instrument using a CuKα filter operating at 40 KV and 40 mA. Particle size distribution of fresh
Zn and MnO2 particles was obtained from “Partica” Laser Scattering Particle Size Distribution
Analyzer, LA-950V2. The scanning electron microscopy of the Zn and MnO2 cycled electrodes
was conducted on an FEI Helios Nanolab 660 FIB-SEM equipped with an Oxford EDX detector
for Energy dispersive X-ray spectroscopy (EDS). For all SEM samples, a 10 nm Au sputtering
was done using Leica EM ACE600 at a sputter rate of 0.12 nm/s at 27 ˚C. For the FIB/SEM,
sample sectioning was performed on an area which was 65μm x 2.8 μm x 15 μm in size using a
Gallium ion beam applying a current of 2.58 nA at an operating voltage of 30.0 kV. For the zinc
electrodes, the back scatter detector images were obtained from a Zeiss Supra 55VP field
emission microscopy instrument operated under variable pressure vacuum mode using the Back
Scatter Detector, at an accelerating voltage of 15 KV. XPS measurements were performed on the
Physical Electronics Versaprobe II XPS machine that employs a monochromatic Al Kα X-ray
(1486.6 eV) source operating at 37.6 W. High resolution measurements of Mn 3p and C 1s peaks
were obtained using a pass energy of 11.75 eV.
The zinc electrodes in the shape change study were cycled at 11 % utilization of the total Zn
theoretical capacity and in some cases purposely stopped at cycles 30, 66 and 96 at the end of
charge for ‘post mortem’ analysis. Zinc anodes were removed carefully and washed with deionized water to remove KOH and air-dried. The zinc electrodes were cut into nine segments as
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shown in figure 2.4. The segments were then treated with 30 w/v. % ammonium acetate solution.
99% purity ammnonium acetate was purchased from Alfa Aesar. Ammonium acetate dissolves
ZnO without affecting the metallic zinc70. It was found that 100 ml of the acetate solution was
enough to completely dissolve the ZnO in one anode. A reaction time of 3 hours was found
sufficient with regular stirring every 15 to 20 minutes. The sample was pulverized prior to
treatment with ammonium acetate. After the acetate treatment the sample is thoroughly washed
with DI water and dried in air. The mass difference before and after the treatment with
ammonium acetate gives the total mass of ZnO present. The mass of Zn and ZnO is thus
measured for each segment at various cycles. Samples were collected from bulk electrolyte and
titrated against 0.5 M H2SO4 using bromothymol blue indicator followed by titration with 0.1 M
EDTA using xylenol orange indicator. A buffer solution of sodium hydroxide/ acetic acid (pH 5)
is added prior to the EDTA titration. This method was used to determine the zinc content in the
electrolyte. To analyze the cross-section of the zinc electrodes, cells stopped at cycle 30 in both
anodic configurations were washed with DI water and dried in air. They were then cut up into 9
segments (figure 2.4). Three diagonal pieces were selected (segments 3, 5 and 7) from each
electrode. A mixture of 10 parts of ULTRATHIN 2 epoxy Resin (Cat. No. ULTRA-3000R-128,
Pace Technologies) and 1 part of ULTRATHIN 2 Hardener (Cat. No. ULTRA-3000H-32, Pace
Technologies) was prepared in which the zinc electrode samples were immersed. A vacuum of 5
in Hg was pulled on these samples for 10 minute (3 times) so as to rid the sample of trapped air.
This procedure helps the epoxy enter the pores of the electrode. It is then left overnight to
harden. After the sample is hardened, it is sliced to expose the cross section of the anode. This is
then polished over sandpapers of different grit sizes in order to smooth the anode interface. The
sandpapers were purchased from Norton Abrasives.
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Figure 2.4 Schematic showing the nine subdivisions that the Zn anode was cut up into for
Zn/ZnO material redistribution analysis

The aforementioned ammonium acetate method was also used for measuring the porosity of the
Zinc electrodes by quantifying the mass of ZnO in the electrode. Assuming zero moisture
content, porosity can be estimated with the knowledge of the amounts of zinc, zinc oxide present
and volume deduced from thickness measurements. Porosity can then be calculated by,

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟏

𝑽𝒐𝒍𝒖𝒎𝒆 𝒇𝒓𝒐𝒎 𝒎𝒂𝒔𝒔 𝒂𝒏𝒅 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕𝒔

𝝐 = 𝟏 − 𝑽𝒐𝒍𝒖𝒎𝒆 𝒇𝒓𝒐𝒎 𝒈𝒆𝒐𝒎𝒆𝒕𝒓𝒊𝒄 𝒂𝒓𝒆𝒂 𝒂𝒏𝒅 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕𝒔
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To estimate the porosity of the pressed Zn ‘Control’ electrode we cut the electrode in 9
sections along with the Cu mesh as shown in figure 2.4. Each segment is then weighed with and
without the Cu mesh. An 8-point thickness measurement of each segment was undertaken to get
an average thickness for each segment. The following calculation shows how the porosity was
estimated using the ammonium acetate method.
Porosity estimation
Mass of Zinc electrode (𝑚𝑍𝑛 )

=

6.396 g

Mass of Copper current collector (𝑚𝐶𝑢 )

=

1.34

g

Density of Copper (𝜌𝐶𝑢 )

=

8.96

g cm-3

Area of each segment (𝑎𝑠 )

=

4.625 cm2

The zinc sheet was pressed onto the copper current collector (CC) and cut into 9 segments.
Electrode thickness with Cu current collector (cm)

Volume of each segment (cm3)

0.037

0.040

0.040

0.174

0.189

0.189

0.039

0.043

0.042

0.180

0.199

0.195

0.038

0.039

0.039

0.179

0.180

0.182

Mass of the compressed Cu current collector (g)

Volume of Cu Current Collector (cm3)

0.137

0.14

0.144

0.015

0.015

0.016

0.165

0.151

0.137

0.018

0.016

0.015

0.172

0.153

0.14

0.019

0.017

0.015
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The volume of Cu current collector was deducted from the volume of the electrode segment.
Volume of each segment w/o Cu current collector (cm3)
0.159

0.173

0.173

0.162

0.182

0.180

0.159

0.163

0.166

Density of Zn (𝜌𝑍𝑛 )

=

7.13

g cm-3

Density of ZnO (𝜌𝑍𝑛𝑂 )

=

5.61

g cm-3

Density of Teflon (𝜌𝑃𝑇𝐹𝐸 )

=

2.2

g cm-3

0.579

0.629

0.583

0.068

0.074

0.068

0.034

0.037

0.034

0.629

0.708

0.648

0.074

0.083

0.076

0.037

0.041

0.038

0.531

0.587

0.538

0.062

0.069

0.063

0.031

0.034

0.031

Mass of Zn (g)

Mass of ZnO (g)

Mass of PTFE (g)

The volume occupied by each component is calculated from the above mass and densities.
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Total volume derived from density and mass measurement (cm3)

0.108

0.118

0.109

0.118

0.133

0.121

0.099

0.110

0.101

Porosity is then measured by the following formula

𝜖 = 1−

𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑜𝑚 𝑚𝑎𝑠𝑠 𝑎𝑛𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑜𝑚 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 𝑎𝑛𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠

= 32.9 ± 4.2 %

2.6.

Electrochemical Techniques

For the MnO2 electrode, cyclic voltammetry measurements were conducted on a BioLogic
VSP potentiostat at a scan rate of 0.005 mVs-1. The voltage range was from 0.4 V to -0.6 V. The
mass of the material was 0.2 g (50 wt. % MnO2 and 45 wt. % graphite and 5 wt.% PTFE).
EIS measurements were conducted on a BioLogic VSP potentiostat. EIS data was collected
in the frequency range of 0.1 Hz to 20 KHz with 5 mV amplitude. The EIS data was modelled
using the Zfit software available on EC-Lab which uses appropriate electrical circuit elements to
get the most optimized fit for the impedance data.
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For in-situ detection of soluble Mn ions, we conducted the stationary detector electrode
experiments on the BioLogic VSP potentiostat. The schematic of the experiment is shown in
figure 2.5.

Figure 2.5 Schematic diagram of the stationary detector electrode experiment

The technique belongs to the class of four electrode experiments where the 4th electrode is a
Pt wire. The MnO2 cathode is the working electrode, the NiOOH/Ni(OH)2 electrode is the
counter electrode while the Hg/HgO forms the reference. The Pt wire acts as the secondary
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working electrode. It is kept at +50 mV potential with respect to the reference electrode and is
placed close to the MnO2 cathode. The Pt wire is enclosed in a cellguard separator to maintain
electrical separation from the MnO2 cathode. The discharge rate used is 40 mA/g of MnO2 to 0.6 V vs Hg/HgO. During the discharge of the working electrode, any soluble species formed at
the MnO2 electrode would diffuse through the electrolyte and come in contact with the Pt wire
and electrodeposit on the Pt wire in some form of manganese oxide. This electrodeposition is
then recorded as a current response by the potentiostat. Therefore, a higher detector response
indicates greater presence of Mn soluble species.

2.7.

XPS Curve Fitting criteria for chemical state determination

Birnessite is a class of compounds of manganese oxides which show different relative
concentrations of Mn+2 : Mn+3 : Mn+4. It is a well-known catalyst for water oxidation85. The
efficiency of water oxidation is critically dependent on the ratio of the chemical states present in
the oxide and hence, its determination is important. Similarly, we find in our work, the overall
oxidation state of Mn in the cathode does not remain the same and varies with cycle life
depending upon the electrolyte concentration used for cycling. This has tremendous effect on the
electrochemical behavior of the cathode and affects the amount of capacity that can be achieved
at every step.
Manganese oxides exist in a variety of different oxidation states (II, III, IV, VI and VII). The
XPS spectrum of Mn(II), Mn(III) and Mn(IV) oxides exhibits significant ‘multiplet splitting’.
Multiplet splitting (MS) is a phenomenon observed due to the presence of unpaired electrons in
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the atoms. When atoms are bombarded, core shell unpaired electrons are created as a result of
photoionization. These core shell electrons interact with the valence shell unpaired electrons
causing a number of final states creating a multipeak envelop in the XPS spectrum. Mn(II),
Mn(III) and Mn(IV) all contain unpaired d electrons and hence show typical multiplet split
structures. Because of the presence of significant multiplet splitting as well as overlapping of the
binding energies of the three ions, no single peak can be used to fit the Mn oxidation curves
making XPS curve fitting for Mn very challenging for qualitative as well as quantitative
assessment. XANES or X-ray absorption near edge spectroscopy is another technique that can be
used to determine the oxidation state of Mn quantitatively. However, since it’s a bulk
spectroscopic method as opposed to a surface sensitive method like XPS, the information
enclosed at the interface which is a hot-bed for Mn precipitates and surface layers cannot be
obtained. The penetration depth of XPS is 5-10 nm and hence surface sensitive information that
can be used to determine the nature and oxidation state of the cathode electrolyte interface can be
obtained. This will, as we show, be a crucial piece of data in understanding the root cause of
MnO2 failure under different electrolyte environment. In this thesis, we attempt to quantitatively
determine the average oxidation state in the cycled cathodes by determining the Mn+4,Mn+3 and
the Mn+2 contribution using the following curve fitting approach.

2.7.1. Curve Fitting Strategy
In order to retrieve chemical state information we have developed a curve fitting strategy that
can be used reproducibly on uncycled or cycled cathodes. The oxidation state of Mn was
determined from fitting the Mn 3p peak via an empirical method by achieving the best fit to the
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spectra. The following strategy was adopted for curve fitting and average oxidation state
determination:
1. The first step was to build the Mn+4 and Mn+3 peak parameter data (binding energies,
relative intensities, FWHM, % Gaussian and spectral component separation) for the
Erachem MnO2 from standards that exhibit single oxidation state. The standard for Mn+3
was the mineral manganite, MnOOH. The empirical parameters for simulating the
Mn(III) 3p line were taken from Ilton et al71. The Mn+4 parameters were obtained from
Mn(IV)-rich rancieite. Nesbitt and Banerjee as well as Beisinger et al., use pyrolusite
Mn(IV) peak data for resolving the Mn 2p3/2 peak in K-birnessites72,73. However, it was
found that the Mn(IV) 3p peak data is nearly identical in rancieite and pyrolusite and
hence the former was chosen as per Ilton. The standard used for Mn+2 peak data was
MnO and the parameters were again obtained from Ilton et al.
2. Using the Mn+4, Mn+3 and Mn+2 Mn 3p peak parameters, the average oxidation state of
the pristine MnO2 material was determined. This data is discussed at the beginning of
chapter 3. We find that the Mn+4 and Mn+3 parameters are slightly modified for the EMD
used in our study. The fitting for the cycled MnO2 cathode that followed contained the
modified Mn(IV) 3p and Mn(III) 3p data as obtained from our Erachem EMD sample. In
short, the initial values for the binding energies were taken from literature and were used
to fit the pristine MnO2 Mn 3p spectrum. The data thus obtained was then used in fitting
the spectrum of the cycled cathodes.
3. The following constraints were used while peak fitting.
i) For a given oxidation state, the relative intensities were kept constant.
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ii) The FWHM for a given oxidation state was kept constant but was allowed to vary in
different samples. This was done to account for the effect of bonding environment on
the MS.
iii) The differences in the multiplet peaks was kept constant for a given oxidation state.
iv) % Gaussian was allowed to vary to get the best fit but was kept constant in a given
sample.
v) Only two degrees of freedom were allowed, the minimum binding energies of
Mn(IV) and Mn(III) were allowed to vary in different samples.
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Chapter 3 Rechargeability of γ-MnO2 in KOH electrolyte

3.1.

Introduction

The rechargeability of γ-MnO2 in alkaline electrolyte has been a subject of numerous studies. As
we have noted in the literature survey, most of the studies have been conducted in high
concentration KOH where the effect of Mn dissolution cannot be neglected. According to a more
detailed model proposed by Chabre and Pannetier, the discharge mechanism of γ-MnO2 is
divided into 4 distinct steps which can be very clearly separated and observed if the MnO2 is
reduced at a very slow rate6. These steps are clearly discussed in chapter 4. In brief, the reduction
of surface states and reduction of the ramsdellite units are homogeneous in nature. The rest of the
discharge of MnO2 which consists of reduction of groutellite to groutite, reduction of pyrolusite
units and lastly, the 2nd electron reaction is non-homogenous or in other words is affected by the
concentration of electrolyte used.
In this chapter, we explore the very strong interlink between KOH concentration and
MnO2 rechargeability. We do so by cycling commercial scale MnO2 cathodes versus Hg/HgO
reference electrodes in three drastically different electrolyte concentrations and at different
depths of discharge. Large scale Zn/MnO2 batteries, where the ratio of active material to
electrolyte amount is quite high, usually employ >20 wt. % KOH74. This is because of higher
conductivity and solubility of ZnO in higher KOH concentration. At high KOH concentrations
the 𝑍𝑛(𝑂𝐻)2−
4 ions formed during Zn anode discharge interfere with MnO2 cycling forming
ZnMn2O4 or hetaerolite. Hetaerolite is a highly resistive and an electrochemically inactive phase
that leads to loss of active material and eventual cell failure17. Therefore, the cycle life
38

Chapter 3: Rechargeability of γ-MnO2 in KOH electrolyte
performance tests in this study were performed against NiOOH/Ni(OH)2 counter electrodes and
Hg/HgO reference electrode as Ni is quite non-intruding with respect to MnO2 electrodeelectrolyte reactions and MnO2 electrode potential can be controlled and restricted to within the
1st electron region. Since the capacity deterioration has its roots in the 1st electron region, we
were motivated to study the effect of electrolyte concentration on MnO2 cycling performance
within the 1st electron region only and unearth the cause of the crystallographic changes
occurring in the cathode. We did so by dissecting and conducting XRD, SEM and FIB/SEM
analysis of the cycled cathodes along with analyzing the separator for any deposited oxides. To
determine the failure mechanism, we conducted stationary detector electrode experiments to
detect soluble and solid intermediates formed during discharge and also determine the average
oxidation state of the cycled cathode using XPS.

3.2.

Characterization of the Pristine γ-MnO2 cathode

Figure 3.1 (a) shows the surface and cross section morphology of the fresh EMD cathode as seen
in the scanning electron microscope and the back scatter electron detector respectively. The
EMD particles do not have any definite morphology or shape but the cathode is composed of
varying sizes EMD particles. The particle size distribution shows a mean size around 18.5 μm
with a long tail on the higher end of the dataset indicating the presence of some very large
particles of size ~230 μm (figure 3.1 c). The D90 value is about 22 μm which means 90 % of the
particles have diameter less than 22 μm. The cross section image of the MnO2 cathode
(unpressed) shows the distribution of these particles around the current collector (figure 3.1 b).
We notice that without any compression the MnO2-graphite-teflon matrix does not properly
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adhere to the Ni current collector. This emphasizes the importance of compression in MnO2
batteries as during discharge, the cathode undergoes volume expansion. There is always the
danger of the materials delaminating from the current collector in the absence of proper
compression obstructing the pathway of the flow of electrons resulting in high battery
impedance.
Figure 3.2 (a) shows the Mn 3p spectrum of the fresh MnO2 particles. The fit consists of Mn(IV)
5 multiplet peaks of equal FWHM of 1.62 and 4 Mn(III) multiplet peaks with an equal FWHM
of 1.57. The binding energies, relative peak intensities and peak separation data are all shown in
table 3.1. The area occupied by the oxidation state gives its contribution to the average oxidation
state of the oxide. We find from the curve fitting that the Mn+3content is ~13.17 % in the MnO2
particles (refer table 3.2). This value is slightly large compared to what is observed by redox
titrimetry which uses the ferrous ammonium sulfate method for determining Mn(IV) content (~910 %). One possible reason for this discrepancy could be because the titration technique is a bulk
characterization method as opposed to measuring the Mn(IV) signal only from the surface as is
the case with XPS. The result indicates that the surface of the MnO2 particle might be more
reduced than the bulk of the particle owing to the high reactivity of Mn(IV) in the surface states
than in the bulk.
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Figure 3.1 a) SEM image of the surface morphology of the MnO2 cathode. b) Back Scatter
detector image of the MnO2 electrode cross-section showing the Ni current collector and the
electrode matrix. c) Particle size distribution of the Erachem MnO2 particles having a mean size
of 18.5 μm
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Figure 3.2 a) XPS Mn 3p spectrum of the pristine EMD b) XPS O 1s spectrum of the pristine
EMD
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Figure 3.2 (b) shows the XPS spectrum and the best fit for the O 1s peak. The O 1s peak includes
contribution from three different types of species containing oxygen, namely; O2- present in the
MnO2 lattice, OH-, hydroxide or any defect oxides and H2O which includes structural,
physisorbed or chemisorbed water. The break-up of these contributions is presented in table 3.3.
We observe that the maximum contribution towards the O 1s peak comes from the lattice oxides
(71. 8 %) and then from hydroxide or any defect oxides (16. 3 %). There is also a small amount
of contribution coming from some form of water, either structural water or physisorbed water
(11.7 %).
Table 3.1 MnO2 Mn 3p spectral fitting parameters (Pass energy 11.75 eV, χ2 = 3.5)

Chemical

Binding

Position

State

Energy (eV)

separation

FWHM

% Area

% Gaussian

(eV)
Mn(IV) P1

49.81

1.35

1.71

61.37

85

Mn(IV) P2

51.16

2.7

1.71

15.83

85

Mn(IV) P3

52.55

4.09

1.71

5.83

85

Mn(IV) P4

53.95

5.49

1.71

3.19

85

Mn(IV) P5

55.43

6.97

1.71

0.61

85

Mn(III) P1

48.46

0.0

1.16

7.5

85

Mn(III) P2

49.59

1.13

1.16

3.19

85

Mn(III) P3

50.78

2.32

1.16

1.75

85

Mn(III) P4

52.19

3.73

1.16

0.73

85
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Table 3.2 Chemical State of Mn in the pristine EMD particles

Substance

Mn+4

Mn+3

Average Oxidation
State

Pristine EMD

86.8

13.17

3.86

Table 3.3 MnO2 O 1s spectral fitting parameters (Pass energy 11.75 eV, χ2 = 1.02)

Chemical State Binding
Energy (eV)

Position

FWHM

% Area

% Gaussian

separation
(eV)

O2-, lattice

529.79

0.0

0.97

71.87

95

OH-,

530.68

0.89

1.63

16.35

95

531.63

1.83

1.63

11.78

95

hydroxide
H2O, water

3.3.

MnO2 rechargeability in different KOH concentrations

The KOH concentrations used in the experiments were 37 wt. %, 25 wt. % and 10 wt. %.
The experiments performed at 100% DOD of the 1st electron included a different MnO2 cathode
(65 wt. % EMD, 25 wt. % graphite and 5 wt. % PTFE) and were cycled against cadmium
anodes. This was done to separate the effect of the amount of conductive carbon used. It turned
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out that the performance of MnO2 cathodes was independent of Ni or Cd counter electrodes and
independent of the amount of graphite used. The effect of KOH concentration on the
performance of MnO2 cathodes at various DOD is shown in figure 3.3. At 100 % DOD of the 1st
electron (figure 3.3.a) we find that the initial discharge capacity of the 37 wt. % KOH sample is
the highest followed by 25 wt. % and then by 10 wt. %. However, as cycle life progresses the
capacity loss suffered by the cells is drastically different. The 10 wt. % KOH cell suffered only a
10 % capacity loss (compared to the capacity achieved in the first cycle), while the 25 wt. %
KOH and 37 wt. % cells suffered 56 % and 82 % capacity losses respectively.
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Figure 3.3 Rechargeability of γ-MnO2 in various KOH concentrations at a) 100% DOD (vs Cd),
b) 50% DOD and c) 30% DOD of 1st electron
When the cadmium electrodes were replaced by Ni electrodes and cycled using an
Hg/HgO reference, we find a similar trend in the behavior of MnO2 cathodes at various other
depths of discharges. At 50 % DOD of the 1st electron (figure 3.3.b), all the cells provide the
required discharge capacity for the first 15 cycles after which the -0.38 V vs Hg/HgO potential
limit is reached. The capacity loss now resembles as seen in figure 3.3.a with the highest
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capacity retention in 10 wt. % KOH followed by 25 wt. % KOH and least in 37 wt. % KOH. At
30 % depth of discharge we observe 110 cycles until the end of discharge potential is reached in
10 wt. % KOH while the 37 wt. % KOH cell and 25 wt. % KOH cell start deteriorating in
performance from the 53rd cycle and 67th cycle, respectively. Overall, we observe that the cycle
life performance of MnO2 cathodes is poorer in 37 wt. % KOH followed by 25 wt. % KOH while
the most superior performance is seen in 10 wt. % KOH.

3.4.

Post-Mortem Analysis
3.4.1. Cathode Ex-situ X-Ray Diffraction

Figure 3.4 shows the XRD analysis of the fresh and the cycled MnO2 cathodes in different
KOH concentrations. The 18.1˚ 2θ peak belongs to the Teflon phase while the 26.5˚ and 54.7˚ 2θ
peaks belong to the graphite phase. The fresh γ-MnO2 cathode is marked by the characteristic
22.3˚ 2θ broad peak which could not be indexed and is thought to be a consequence of ordering
between Mn+4 ions and vacancies75. The peaks at 37.2˚, 42.8˚ and 56.6˚ 2θ correspond to the
{100}, {101} and {102} Miller indices of the ε-MnO2 phase. When the γ-MnO2 cathode is
subject to repeated cycling at high depths of discharge, we observe that all the γ-MnO2 peaks
have vanished in both 37 wt. % and 25 wt. % KOH. New peaks corresponding to the δ-MnO2
phases are observed instead in these electrolytes. The new birnessite phase is marked by the
strong {001} peak at 12.3˚ 2θ angle. The other birnessite peaks are very weak and broad
suggesting an amorphization of the MnO2 cathode. The XRD pattern of the 10 wt. % KOH
cathode sample demonstrates the origin of the superior capacity retention in this electrolyte.
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The first most observable feature of the XRD pattern is the stability of the γ-MnO2 phase in
10 wt. % KOH, signified by the 22.3˚ and the 37.2˚ 2θ peaks. The 22.3˚, 42.8˚ and 56.6˚ 2θ
peaks are reduced in intensity and shifted to smaller angles signifying an increase in the lattice
parameters. The other recognizable peaks were those of γ-MnOOH phase. The second most
important information visible from the X-Ray diffraction analysis is the ratio of the intensity of
the 12.3˚ δ-MnO2 peak in the cycled cathodes, which is highest in 37 wt. % KOH and lowest in
10 wt. % KOH. Although XRD is qualitative in nature, this result is an indication of higher
amount of birnessite formation in the 37 wt. % KOH sample.
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Figure 3.4
Figure 3.4 Ex-situ X-ray Diffraction analysis of the uncycled and cycled cathode in 37 wt. %, 25
wt. % and 10 wt. % KOH electrolytes

3.4.2. Scanning Electron Microscopy

The cycled cathodes were studied under the SEM (figure 3.5) to examine their morphology.
In the 37 wt. % KOH we find clusters of nano-flower like morphology. In the 25 wt. % KOH
sample, we find a nano-sheet like morphology and were also seen in the 10 wt. % KOH cathode
sample. We designate both these morphologies to the birnessite phase and have been seen in
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literature76. The main morphology seen in the 10 wt. % KOH is the nanowire structure which
possibly belongs to the MnOOH phase. The cathode sample SEM also revealed the same pristine
MnO2 structures as seen in the uncycled cathode, thus supporting the XRD data that the EMD
phase is preserved in 10 wt. % KOH.

Figure 3.5 Scanning electron microscopy images of the cycled cathodes in a) 37 wt. % KOH, b)
25 wt. % KOH and c) 10 wt. % KOH

3.4.3. Cathode Cross Section under SEM
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Figure 3.6 shows the evolution of the MnO2 particles stopped after the 1st discharge and at
the end of the life (86 cycles) in 37 wt. % KOH. We observe the presence of finer particles
earlier in the cycle life but as the cycle life progresses; the particle size grows with mostly larger
particles remaining by the end of cycle life. This phenomenon, where the finer particles are lost
with repeated charge discharge cycle, could be a result of the finer particles undergoing a deeper
discharge and being exposed to the heterogeneous reduction reactions that occur in the 1st
electron region. The soluble species could precipitate out on surrounding particles resulting in
gradual increase in the particle size.

Figure 3.6 a) Cathode cross section after 1st discharge b) Cathode cross section at end of cycle
life
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3.4.4. Focused Ion Beam (FIB/SEM)

The FIB/SEM was conducted on cathodes that were stopped after cycle 30 at 50 % DOD.
Figure 3.7 shows the post milling electron microscopy images of the samples subjected to a high
beam current for rough milling followed by a low beam current to get a fine polish. The intraparticle morphology is very different for all the cycled cathodes with more porous structures
observed in the 37 wt. % and 25 wt. % KOH samples. The 10 wt. % KOH sample on the other
hand showed closely packed intra-particle morphology with minimal porosity (figure 3.7.c). An
explanation for result could be due to increased heterogeneous reactions occurring in the higher
KOH concentrations compared to that in 10 wt. % KOH where the internal morphology of the
particle is affected mostly by lattice expansion and to a much lesser degree by heterogeneous
reactions.
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Figure 3.7 FIB/SEM of cathode particles in a) 37 wt. % KOH, b) 25 wt. % KOH, c) 10 wt. %
KOH
3.4.5. Cellophane Separator XRD

The cellophane separators wrapped around the Ni counter electrodes were also analyzed by
XRD and is shown in figure 3.8. The blackish substance observed on the separator was found to
be birnessite. The separator used in the 10 wt. % KOH cell, however, showed birnessite only on
the outermost layers of the separator and no further penetration. This however, was not the case
with the 37 wt. % KOH separator where all the layers had the blackish substance precipitated on
them. This result is evidence that not only zinc ions but also manganese ions can penetrate and
propagate through the separator to deteriorate battery performance.
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Figure 3.8 Separator XRD analysis from the 37 wt. % cell and the 10 wt. % cell.

With the extensive post mortem analysis conducted on the cycled cathodes, we now would
like to find the root cause of the cathode failure. We break the problem into two main parts. In
the first part (section 3.5), we present the hypothesis and explain capacity fade behavior with the
help of stationary detector electrode experiments. In the second part (section 3.6 & 3.7), we
explain why and how the electrochemically non-rechargeable species formed in the MnO2
cathodes lead to cell failure with the help of cyclic voltammetry, XPS and EIS .

3.5.

Stationary detector electrode studies in the KOH system

From the characterization performed above, we hypothesize that higher amount of
birnessite is formed in 37 wt. % KOH due to higher Mn+3 dissolution and is the cause for
accelerated capacity decay. To test the hypothesis, we conducted stationary detector electrode
experiments using a Pt wire in the three KOH solutions. This 4-electrode experimental set-up is
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shown in figure 2.5 of Chapter 2. The Pt wire is situated very close to the working electrode and
is kept at 50 mV potential vs the reference potential. This ensures that any soluble Mn species
formed during discharge would charge and deposit on coming in contact with the Pt wire as
MnO2. Greater the dissolution of Mn species from the cathode, greater the detector response. The
results of the experiments are shown in figure 3.9. For a thin 0.2 g cathode (50 wt. % active mass
on 1”x1” Ni mesh, discharged at 40 mA/g), we find that the highest Pt wire detector response is
recorded in the 37 wt. % KOH system. Soluble Mn species is detected in the homogeneous
regime around -0.15 V vs Hg/HgO. The rise in the detector current is not continuous but follows
a two-step pathway. In the first pathway, we see a steep rise in the detector response where the
current hits a maximum of about 1.9 μA towards the end of the 1st electron region. The second
part of the pathway exists in the 2nd electron region where we see a more flat detector response.
In 25 wt. % KOH we find only a meager increase in the detector response with a maximum of
only 0.5 μA in the 2nd electron region. In 10 wt. % KOH the detector response was negligible
even in the 2nd electron region. When the same experiment was now performed on large
commercial scale EMD cathodes (figure 3.9.b) discharged to 50 % DOD at C/10, we observe a
steep rise in the detector response in 37 wt. % KOH beginning from around 0.025 V vs Hg/HgO
which corresponds to around 15 % DOD. In 25 and 10 wt. % KOH no rise in current is detected
in this potential region. The Pt wire was then carefully removed from the 37 wt. % KOH
experiment and was analyzed under XRD. We find that the electrodeposited phase was found to
be that of birnessite (figure 3.10). Therefore, the hypothesis that greater amount of birnessite is
formed in the cathodes cycled in higher KOH concentration is justified.
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Figure 3.9 Stationary detector electrode studies a) 1’’x1’’ MnO2 cathodes (50 wt. % EMD) b)
2’’x3’’ MnO2 cathodes (80 wt. % EMD)

Figure 3.10 XRD analysis of the Pt wire removed from the 37 wt. % KOH experiment for in-situ
detection of Mn dissolution
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3.6.

X-ray Photoelectron Spectroscopy

We would now like to determine why greater amount of birnessite formation leads to greater
capacity loss. To do this, we conduct XPS on the cycled cathodes and quantify the concentration
of the Mn(IV), Mn(III) and Mn(II) chemical states using the Mn 3p peak data to retrieve
information about the average oxidation state of Mn in the cycled cathodes. The three chemical
states of Mn (Mn+4, Mn+3 and Mn+2) mostly observed in batteries contain significant multiplet
splitting and hence no single peak can be used to fit the Mn oxidation curves. We adopt the curve
fitting strategy mentioned in the experimental section of this thesis to be reproducibly used on all
cycled MnO2 samples to retrieve the concentrations of the individual oxidation states. In short,
the fit parameters (Binding energies, Gaussian/Lorentian ratio and FWHM) from monovalent
Mn(IV), Mn(III) and Mn(II) standards were taken from Ilton et al71. They were used to fit the
fresh MnO2 Mn 3p peak curve. The binding energies for Mn(IV) and Mn(III) thus obtained for
our MnO2 were then used as reference in fitting the cycled MnO2 cathode Mn 3p curves. Figure
3.11 shows the Mn 3p analysis of the cycled cathodes. The lower binding energy shoulder, which
is representative of the presence of lower oxidation states, is clearly very pronounced in the
higher KOH concentration than in 10 wt. % KOH. The fit parameter in Table 3.4 shows the
detailed concentration (%) of all the three oxidation states. In the 37 wt. % KOH sample, there is
higher concentration of both Mn(III) (~22 %) and Mn(II) (17%). However, in the 10 wt. %
KOH cathode sample we find only a small percentage of Mn(III) (13%) and no presence of
Mn(II). The average oxidation state in 37 wt. % KOH is 3.44 and that in 10 wt. % KOH is 3.85.
Table 3.5 and 3.6 shows the spectral fitting parameters for the cycled cathodes in 37 wt. % KOH
and 10 wt. % KOH respectively.
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Figure 3.11 Mn 3p XPS profile of cycled cathodes in a) 37 wt. % KOH and b) 10 wt. % KOH

Table 3.4 Quantification of Mn oxidation states from XPS peak fitting

Experiment

Atomic %

Average

Number

Mn+4

Mn+3

Mn+2

Oxidation State

37 wt. % KOH

61.17

21.81

17.02

3.44

86.35

13.4

0

3.85

MnO2
10 wt. % KOH
MnO2

Table 3.5 37 wt. % KOH cycled MnO2 Mn 3p spectral fitting parameters (Pass energy 11.75 eV,
χ2 = 2.38)
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Chemical

Binding

Position

State

Energy (eV)

separation

FWHM

% Area

% Gaussian

(eV)
Mn(IV) P1

49.97

1.51

1.81

46.7

85

Mn(IV) P2

51.32

2.86

1.81

12.14

85

Mn(IV) P3

52.71

4.25

1.81

2.33

85

Mn(III) P1

48.7

0.24

1.34

16.15

85

Mn(III) P2

49.83

1.37

1.34

4.85

85

Mn(III) P3

51.02

2.56

1.34

0.81

85

Mn(II) P1

49.59

0.0

1.36

17.02

85

Table 3.6 10 wt. % KOH cycled MnO2 Mn 3p spectral fitting parameters (Pass energy 11.75 eV,
χ2 = 1.69)

Chemical

Binding

Position

State

Energy (eV)

separation

FWHM

% Area

% Gaussian

(eV)
Mn(IV) P1

49.76

2.25

2.2

61.64

85

Mn(IV) P2

51.11

3.6

2.2

15.9

85

Mn(IV) P3

52.5

4.99

2.2

5.86

85

Mn(IV) P4

53.9

6.39

2.2

3.21

85
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Mn(III) P1

48.66

1.15

0.98

8.08

85

Mn(III) P2

49.79

2.28

0.98

3.44

85

Mn(III) P3

50.98

3.47

0.98

1.88

85

Mn(II)P1

47.51

0.0

1.16

0
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3.7.

Discussion

During the discharge process, Mn+4 ions in the crystal network are reduced to Mn+3 with the
simultaneous insertion of protons and electrons. The stress caused as a result of formation of
Mn+3 ions in the crystal network results in increased lattice parameters. As the degree of
reduction increases, the activity of Mn+3 ions in the solid as Mn+4--Mn+3--O2---OH-x (where ‘x’ is
the inserted protons) increases. Nearer to the formation of α-MnOOH or γ-MnOOH, there is a
shift in the equilibrium of the reaction towards the product side. The product here is a soluble
Mn+3 complex, 𝑀𝑛(𝑂𝐻)−3
6 . In figure 3.9 a we observe an increase in the detector current around
-0.16 V vs Hg/HgO for the 37 wt. % KOH sample, which is indicative of this phenomenon and is
in the potential range where amorphization or lower oxide formation occurs as noted by
Kozawa77. It is argued that the 2nd electron reduction process proceeds though a dissolutionreduction-precipitation mechanism15. The as formed soluble species when in contact with
conductive carbon may undergo further reduction to form Mn(OH)2. The second electron plateau
is dependent on the ratio of the activity of Mn+3 to Mn+2 according to the Nernst equation: E = E0
+ 0.06 log ([Mn+3]/ [Mn+2]). Therefore, higher activity of Mn+3 which exists in 37 wt. % KOH
results in a longer 2nd electron plateau and lower activity of Mn+3 in solution phase in 10 wt. %
KOH results in a smaller 2nd electron plateau. This soluble species is detected at a higher
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potential in the commercial scale cathodes (figure 3.9 b). This could be explained on the basis of
non-uniform local strain theory. In a previous study, the local strain in the cathode was spatially
resolved and was used to estimate the local DOD. Based on the increase in lattice strain in the a
and c axis, a cathode that was supposed to be discharging to 20% DOD of the cell capacity was
found to be discharging to greater than 50% DOD near the separator78. Thus, in figure 3.9 b, the
uneven current distribution existing in thicker cathodes may cause the active material nearer to
the separator to undergo increased reduction. Hence, we observe Mn dissolution much earlier in
the commercial cathodes. This finding supports Kozawa’s conclusions that Mn dissolution is not
depth of discharge dependent but is dependent on the concentration of Mn+3 ions in the oxide77.
This soluble complex is transported via the solution phase towards graphite surface where it
may undergo further reduction or away from the electrode surface towards the separator. Hence,
we observe manganese oxide at the separator. This dislocation of Mn+3 ions from the closed
packed hexagonal crystal structure may result in the crystal losing its long range order and be the
starting point of amorphization. Because we detect soluble Mn species in the 1st electron region,
we can no more call the Mn+4--Mn+3—O2---OH-x system to be a homogeneous solid-solution.
Since the lowest potential in the experiments was only -0.38 V vs Hg/HgO, the further reduction
of this soluble species is blocked.
On subsequent charge, the soluble complex oxidizes to form birnessite as indicated by the
XRD performed on the Pt wire. Figure 3.12 shows the electrochemical impedance measurements
of the cathode after 1st discharge and after cycle 15. The impedance data was fit using
appropriate circuit model as shown in figure 3.12b and 3.12 c. The fit parameters for the
impedance data are shown in Table 3.7. Here, Rsol represents the ohmic resistance and contains
information about solution resistance, contact resistance between the electrode and the current
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collector as well as the internal resistance of the electrode materials. R2 represents the charge
transfer resistance and Q2 (and Q3) represents a constant phase element (CPE) who’s admittance
Y is represented by,
𝑛𝜋
𝑛𝜋
𝑌 = 𝑌𝑄 𝜔𝑛 cos ( ) + 𝑗𝑌𝑄 𝜔𝑛 sin( )
2
2

Where,
𝑌𝑄 is a constant containing the diffusion-coefficient, 𝜔 is 2𝜋𝑓, where 𝑓 is the frequency and 𝑛 is
1

any number between -1 to 1. It represents a resistor with R = 𝑌 if n = 0. It represents a capacitor
𝑄

1

with C = 𝑌𝑄 if n = 1. It represents an inductor with L = 𝑌 when n = -179. It represents a Warburg
𝑄

impedance when n= 0.5 with Y = 𝑌𝑄 (𝑗𝜔)1/2 .
We find Rsol in the case of 37 wt. % KOH cell is comparable to the 10 wt. % KOH cell but
slightly larger. This could be because as discharge progresses, the cathode expands in volume
which could disrupt particle to particle contact and electrode to current collector contact. The R2
value which represents the charge transfer resistance (Rct) is significantly larger for 10 wt. %
KOH cell. This indicates that the Rct is not only dependent on the electrochemical active surface
area and the surface conditions but also on the activity of water near the EMD-electrolyte
interface80–82. The ‘n2’ value is close to 1 and hence is representative of a capacitive behavior
with higher capacitance in the 10 wt. % KOH system. The impedance spectra after cycle 15 in 10
wt. % KOH clearly shows an increase in the charge transfer resistance. The Rsol is again of the
same order of magnitude. In the 37 wt. % KOH cell, we observe a distinct double semi-circle.
The first semicircle originates from the impedance of a surface layer/oxide (δ-MnO2 in our case).
The equivalent circuit model used for fitting the double semicircle impedance data is shown in
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figure 3.12 c. All other impedances were fit using the circuit model shown in figure 3.12 b. This
surface layer has its own resistance (0.09 Ohm) and a very large capacitance (2.5 F). The second
semicircle is connected to the kinetics of electrochemical reaction of the EMD. The charge
transfer resistance has now increased 10 fold after cycling compared to the 1st cycle.
As cycle life progresses, more birnessite is formed in the higher KOH concentration
electrolyte cells. The formation of this surface oxide results in two reaction pathways. It hinders
the subsequent proton-electron intercalation of the underlying EMD and secondly, since it is
itself electrochemically active, it can undergo reduction.

Figure 3.12 a) Electrochemical impedance spectroscopy analysis of MnO2 cathodes after 1st
discharge and after cycle 15, b and c) Electrical circuit models used for fitting the EIS data
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Table 3.7 EIS fit parameters obtained from the circuit model

Experiment

Rsol
(Ohm)

C1
(F)

R1
(Ohm)

Q2

37 wt. % KOH,
1st discharge

0.057

-

-

0.004
3

10 wt. % KOH,
1st discharge
37 wt. % KOH,
cycle 15
10 wt. % KOH,
cycle 15

0.042

-

-

0.033

2.56

0.091

0.014
9
0.017

0.031

-

-

0.005
6

𝑌𝑄 2

n2
0.84

R2
(Ohm)

Q3

𝑌𝑄 3

0.027

23.5
6

0.73

0.103

0.67

0.206

0.84

0.13

36.2
2
15.1
8
14.5

n3
0.23
0.279
0.363
0.305

From the XPS studies conducted in the previous section, the higher concentration of Mn+3
and Mn+2 in 37 wt. % KOH was clearly coming from the birnessite phase seen on the surface of
the MnO2 particles as seen from the SEM images. To support this claim, potassium birnessite
was synthesized ex-situ to determine the chemical state of Mn in it and was found to be a
mixture of multiple chemical states: Mn+4, Mn+3 and Mn+2 in the ratio 70.76:18.85:10.4 (figure
3.13). Thus, the average oxidation state (A.O.S. = 3.6) of the birnessite being lower than that of
EMD, it discharges at a lower potential and has already been studied elsewhere21. It was also
noticed that birnessite does not provide significant capacity in the first electron region and most
capacity comes below -0.35 V vs Hg/HgO. A cyclic voltammetry test conducted on a 50 wt. %
EMD cathode at 0.025 mV/s scan rate reveals this behavior (figure 3.14). On cycle 1, on the
cathodic sweep we observe distinct peaks around 57 mV and -111 mV vs Hg/HgO corresponding
to the homogeneous reduction of Mn+4 in energetically different regions of γ-MnO2. A small
peak nearer to -475 mV corresponds to the heterogeneous 2nd electron reaction, which is the
reduction of Mn+3 to Mn(OH)2. On the 1st anodic sweep, Mn(OH)2 is converted to various Mn+3
compounds indicated by the strong peak around -230 mV. The Mn+3 is then converted to
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birnessite around 70 mV. The 2nd cathodic sweep shows a different picture altogether. The
capacity obtained on the 2nd cycle has now reduced with any remaining EMD contributing to the
capacity obtained above -300 mV. The strong peak observed around -380 mV corresponds to the
reduction of birnessite to Mn3O4 or hausmannite.

Figure 3.13 Mn 3p XPS spectrum of ex-situ synthesized K-birnessite
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Table 3.8 K-Birnessite Mn 3p spectral fitting parameters (Pass energy 11.75 eV, χ2 = 5.66)

Chemical

Binding

Position

State

Energy (eV)

separation

FWHM

% Area

% Gaussian

(eV)
Mn(IV) P1

50.01

1.55

1.56

48.79

85

Mn(IV) P2

51.36

2.9

1.56

12.69

85

Mn(IV) P3

52.75

4.29

1.56

5.86

85

Mn(IV) P4

54.15

5.69

1.56

2.93

85

Mn(IV) P5

55.63

7.17

1.56

0.49

90

Mn(III) P1

48.74

0.28

1.12

10.71

90

Mn(III) P2

49.87

1.41

1.87

4.61

90

Mn(III) P3

51.06

2.6

1.87

2.46

90

Mn(III) P4

52.47

4.01

1.44

1.07

90

Mn(II)P1

48.46

0.00

1.66

10.4

90
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Figure 3.14 Cycle Voltammetry of 50 wt. % EMD cathode in 37 wt. % KOH at 0.025 mV/s

The XPS performed on the 37 wt. % KOH cycled cathode shows a considerable amount of
Mn+3 and Mn+2. This signal, coming from birnessite as seen on the surface of EMD in SEM
analysis, could also be coming from other lower oxide phases that are short range/amorphous in
nature and hence not detectable in the XRD. These short range order or small crystallite size
compounds have been called transitional oxides and are thought to be formed due to the
83,84. Therefore, as more birnessite is formed in the higher KOH
disproportionation of 𝑀𝑛(𝑂𝐻)3−
6

concentration electrolyte cells, their discharge potential curve represents more of birnessite and
less of EMD. Since birnessite discharges at a lower potential, the cathode is unable to provide the
required discharge capacity in the 0.32 V to -0.38 V 1st electron region. Hence, the electrode is
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forced to cycle in the 2nd electron region in order to provide the rated cell capacity. We stop the
discharge in our experiments at -0.38 V vs Hg/HgO and hence do not see 2nd electron reaction
products such as Mn3O4 and Mn(OH)2. As soluble Mn species are present in the 1st electron
region, any presence of zincate ions may lead to the formation of hetaerolite and still cause
capacity decay in Zn/MnO2 batteries. However, in 10 wt. % KOH cells, the XPS spectrum,
surprisingly, is very close to the starting EMD material with higher fraction of Mn+4. The highly
closed packed intra-particle arrangement suggests increased stress but minimal heterogeneous
reactions thus preserving the structural integrity of the EMD particles. The reduced solubility of
Mn+3 ions blocks all other pathways through which Mn active material can be lost in the form of
birnessite, hausmannite or other amorphous lower oxides, thus providing superior discharge
capacity.

3.8.

Conclusion
We have investigated the rechargeability of the MnO2 electrode in three drastically

different KOH concentrations via galvanostatic cycling and characterized the electrodes using
XRD, SEM, FIB/SEM, EIS, XPS and stationary detector electrode experiments to reveal the
underlying mechanism of capacity decay. We report that the rechargeability is a strong function
of the KOH concentration because of the effect of KOH concentration on the structural stability
of γ-MnO2 phase. The underlying reason for excellent capacity retention in 10 wt. % KOH was
due to two important findings: a) the lower solubility of the Mn complex obstructs destructive
pathways and subsequently the formation of non-rechargeable materials like hausmannite and
birnessite is reduced considerably and b) the γ-MnO2 phase is preserved without making the
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cathode amorphous. On the contrary using 37 wt. % or 25 wt. % KOH triggers the dissolution
pathway even in the 1st electron region and subsequently greater formation of birnessite on
charge. The potential at which dissolution begins was found to be dependent on the activity of
Mn+3 ions in the solid and hence begins earlier in thicker cathodes possibly due to uneven current
distribution. The XPS clearly shows a greater presence of lower oxidation states in the 37 wt. %
KOH cathode sample while the 10 wt. % KOH cathode sample showed predominantly the
presence of Mn+4. These results support the conclusion that the accelerated capacity decay seen
in the higher KOH concentration electrolyte cells is due to lower overall oxidation state of the
cathode because of the presence of lower oxide phases such as birnessite and other amorphous
oxides formed as a result of increased Mn dissolution.
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Chapter 4 Rechargeability Of γ-MnO2 In NaOH Electrolyte

4.1.

Introduction

The Zn| aqueous NaOH|MnO2 system was investigated by Minakshi because of the wide
availability and low cost of sodium21. Sodium is not only the 4th most abundant element in the
world but sodium containing precursors are also abundant with 23 billion tons of soda ash in
United States alone85. Zn/MnO2 cells containing 7 M aqueous NaOH electrolyte were shown to
undergo Na ion intercalation into the host MnO2 structure detected by using proton induced Xray gamma ray emission on the surface of cycled cathodes. The XRD pattern showed the
presence of new peaks that correspond to NaMnO2. The study claimed that cycling of MnO2 in
NaOH electrolyte does not lead to the formation of non-rechargeable Mn+3 intermediates such as
birnessite or hausmannite. This could possibly be the outcome of reduced Mn solubility in
NaOH. Excessive birnessite formation around the MnO2 particles due to increased solubility was
considered to be the root cause of MnO2 failure. Hence, discovering an electrolyte system that
shows reduced Mn solubility and blocks the pathway towards the formation of non-rechargeable
products is promising and should be explored. A study to investigate the rechargeability of MnO2
in NaOH aqueous electrolyte was undertaken and results are discussed in the following sections.
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4.2.

Stationary detector electrode experiments in aqueous NaOH electrolyte

The stationary detector electrode set up has already been discussed before while studying the
Mn dissolution in the KOH system (section 3.5). To test the hypothesis that Mn solubility is
lower in aqueous NaOH system compared to KOH, we carried out the stationary detector
electrode experiments at exactly the same concentrations as in the KOH system, i.e., in 1.94 M,
5.5 M and 8.9 M NaOH. These correspond to 7.2, 18.3 and 27.4 wt. % of NaOH respectively.
The table 4.1 below compares and summarizes the maximum detector current at the Pt wire in
the NaOH and KOH electrolytes. Figure 4.1 shows the MnO2 discharge to -0.6 V at 40 mA/g and
the Pt wire response for a thin 0.2 g cathode (50 wt. % active mass on 1”x1” Ni mesh). We
observe the highest detector response in 8.9 M NaOH where we see a sharp rise in current right
from 35 % DOD of MnO2 and reaches a maximum value of 0.5 μA at the end of the 2nd electron
region. From table 4.1 we see that the detector response of Mn+3 is almost 4 times higher in 8.9
M KOH than in 8.9 NaOH. Similar to 5.5 M KOH, the cell with 5.5 M NaOH shows rise in
detector current only in the 2nd electron region that is beyond -0.4 V vs Hg/HgO. The maximum
value reached is 0.3 μA. The detector response in 1.94 M NaOH was negligible.
Figure 4.2 compares of the discharge potentials in NaOH and KOH electrolytes. The
maximum total discharge capacity achieved in the NaOH system was that in 8.9 M NaOH cell
which corresponded to 259 mAh/g of MnO2. In the 8.9 M KOH cell the total discharge capacity
achieved was 401 mAh/g (1.54x higher). The capacity achieved in the second electron region is
clearly lower in the 8.9 M NaOH cell (9.6 mAh/g) than in the corresponding KOH cell (36.5
mAh/g) signifying lower amount of soluble Mn+3 species to undergo the 2nd electron process.
Thus, based on the stationary detector electrode experiments we confirm lower Mn solubility in
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aqueous NaOH electrolyte compared to KOH electrolyte. Although the overall discharge
potential and capacity are lower for the NaOH cells, possibly due to the lower ionic conductivity
of NaOH, this result is promising from the point of view of reduced Mn solubility and therefore,
could have a favorable effect on MnO2 rechargeability.

Table 4.1 Maximum detector response observed from the 1’’x1’’ MnO2 electrodes discharged in
various NaOH and KOH electrolytes

Electrolyte

1.94 M (μA)

5.5 M (μA)

8.9 M (μA)

KOH

Negligible

0.5

1.9

NaOH

Negligible

0.3

0.5
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Figure 4.1 Stationary detector electrode experiment on a 1’’x1’’ MnO2 cathode (50 wt. % EMD,
discharged at 40 mA/g) in 1.94 M, 5.5 M and 8.9 M NaOH
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Figure 4.2 A comparison of MnO2 discharge potential vs % depth of discharge in NaOH and
KOH electrolyte

4.3.

Cyclic Voltammetry comparison of γ-MnO2 in NaOH and KOH

Cyclic voltammetry is a technique which provides information of the electrochemical activity
of the material of interest, its reduction and oxidation behavior and its interaction with the
electrolyte when the voltage is swept back and forth between two given extremes. Here, the
working electrode is 0.2 g of 50 wt. % EMD, 45 % graphite and 5 wt. % PTFE. The counter
electrode is NiOOH/Ni(OH)2 electrode and Hg/HgO is the reference electrode. The potential is
swept between 0.4 V to -0.6 V vs Hg/HgO at a sweep rate of 0.005 mV/s.
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Figure 4.3 shows the cyclic voltammetry response of γ-MnO2 in the three different
concentrations of NaOH and compares it with that observed in the KOH system. The following
sequence of steps describes the reduction of EMD in alkaline environment.
a.) Peak A: This reduction peak appears around 150 mV in 1.94 M KOH, around 112 mV in
5.5 M KOH and at lower potential around 50 mV in 8.9 M KOH. This peak is ascribed to
the reduction of surface Mn+4 cations. Paik et al have found that this reduction peak is
very well pronounced in γ-MnO2 samples which have a high degree of vacancies and
structural defects25. This peak is absent in natural pyrolusite, ramsdellite and heat treated
EMD. The surface reduction step in NaOH closely follows that in KOH system. This
signifies that the reduction of surface sites in EMD is not electrolyte concentration
dependent but only dependent on the defect structure of the MnO2.
b.) Peak B: This reduction peak occurs in the same potential range in the 1.94 M KOH and
the 5.5 M KOH, around -40 mV vs Hg/HgO. In the 8.9 M KOH, the peak appears at a
lower potential of -111 mV vs Hg/HgO. In the 1st electron region, this peak corresponds
to highest current response and therefore highest capacity. This peak is assigned to the
reduction of the Mn+4 in the ramsdellite domains of the MnO2. In the NaOH electrolytes,
we only observe one extremely broad peak around -25 mV in 1.94 M NaOH and around85 mV in 5.5 M NaOH. We assign this peak to the reduction of Mn+4 ions in the
ramsdellite domain. In the 1.94 M NaOH we observe that the area under this curve is
smaller than in the corresponding KOH solution. This is perhaps an indication that the
ramsdellite reduction process is not entirely homogeneous either.
c.) Peak C: This peak appears at -135 mV in 1.94 M KOH, at -170 mV in 5.5 M KOH and at
-208 mV in 8.9 M KOH. This peak is ascribed to the reduction of Mn+4 in the pyrolusite
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domains into γ-MnOOH86. The origin of the small peak at -345 mV in 8.9 M KOH
marked at C’ has not been determined as yet. Chabre and Pannetier have found that this
step in the reduction is heterogeneous and did not provide capacity in 1 M KOH6.
However, we find that in 1.94 M KOH, there is a small amount of capacity derived from
the reduction of pyrolusite domains. This 3rd reduction peak is completely absent in the
1.94 M NaOH electrolyte, signifying the very low solubility of Mn+3 in the NaOH
electrolytes. In 5.5 M NaOH electrolyte we observe a wide peak which perhaps includes
ramsdellite and pyrolusite reduction domains.
d.) Peak D: This is the 2nd electron peak and corresponds to the heterogeneous reduction of
Mn+3 to Mn+2 occurs at -424 mV in 5.5 M KOH and at -485 mV in 8.9 M KOH86.
Clearly, the capacity derived in the KOH system is higher than in the NaOH system due
to the higher solubility of Mn+3 ions. The peaks observed in 8.9 M NaOH electrolyte are
very similar to those observed in the KOH electrolyte signifying similar discharge
mechanism.
On the anodic sweep, the peak around -300 mV corresponds to the oxidation of Mn(OH)2 to
Mn+3 intermediates which include, Mn2O3, γ-MnOOH or β-MnOOH86. The peak observed
around 100 mV corresponds to the oxidation of the Mn+3 intermediates to Mn+4.
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Figure 4.3 Cycle voltammetry of γ-MnO2 in a) 1.94 M, b) 5.5 M and c) 8.9 M NaOH and KOH
electrolytes
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4.4.

Cycle Life Performance at 50 % DOD of 1st electron of γ-MnO2

Rechargeability of γ-MnO2 in NaOH electrolytes was investigated on the same EMD cathodes as
used in the KOH study as studied in section 3.3 (80 wt. % UEP MnO2, 15 wt. % graphite and 5
wt. % PTFE). In order to have a fair comparison, the NaOH electrolyte formulations considered
in this study were 1.94 M, 5.5 M and 8.9 M NaOH. Figure 4.4 shows the cycle life performance
of the MnO2 cathodes in the three different NaOH electrolytes and compares their performance
with the cathodes cycled in the corresponding KOH electrolytes. It is interesting to note that the
degradation behavior of MnO2 cathode in NaOH is not the same as observed in the KOH.
In 1.94 M NaOH, the rated discharge capacity is obtained only in the first 8 cycles after which
capacity decay starts. At cycle 25, the capacity loss observed in this cell is 28 %. In 5.5 M
NaOH, full 50 % DOD of the 1st electron capacity is obtained for the first 18 cycles following
which the capacity begins to deteriorate. At cycle 26, the capacity fade behavior is similar to that
observed in 5.5 M KOH. The capacity loss in this cell is ~22 %. This is in contrast to what is
observed in the KOH system where the 1.94 M KOH cell provides highest capacity retention.
Lastly, in the 8.9 M NaOH cell, capacity fade starts around cycle 13. The capacity loss as of
cycle 25 is very close to 1.94 M NaOH cell, around 25 %. Therefore, the capacity fade trend
observed in the NaOH system is: 1.94 M NaOH ≥ 8.9 M NaOH > 5.5 M NaOH. While that in
KOH, the capacity fade trend is 8.9 M KOH > 5.5 M KOH > 1.94 M KOH.
Figure 4.5 shows the potential curves at cycle 5 and cycle 10 for the NaOH and KOH cells. We
notice that there is no discernable difference between the 5.5 M NaOH and KOH cells at both the
cycle lives. However, in the 1.94 M NaOH cell, we observe a sharp potential drop towards the
end of the discharge curve around -0.2 V. From the CV curves (figure 4.3) we know that the
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- 200 mV region corresponds to the reduction of the pyrolusite domains in the EMD. Due to the
extremely low solubility of Mn+3 ions in 1.94 M NaOH solution, no capacity is obtained in this
potential region. Hence, the sharp drop in potential towards the end of discharge. As cycle life
progresses, the charging time increases. Highest charging time is observed in the 1.94 M cells
and least in the 8.9 M cell in both KOH and NaOH systems most probably due to the low ionic
conductivity of the electrolyte which lead to increased ohmic resistance in the cells.

Figure 4.4 Rechargeability of γ-MnO2 in 1.94 M, 5.5 M and 8.9 M NaOH and KOH electrolytes
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Figure 4.5 Potential vs time comparison between NaOH and KOH cells at cycle numbers a) 5
and b) 10

4.5.

Conclusions
In this chapter we have investigated the rechargeability of γ-MnO2 in three different

NaOH electrolytes: 1.94 M, 5.5 M and 8.9 M. The stationary detector electrode experiments
conclude that the solubility of Mn+3 intermediates is lower in the NaOH system than in the KOH
system. Although the total capacity obtained in the NaOH electrolytes was much lower
compared to their KOH counterparts, use of NaOH as an alternative electrolyte is still lucrative
given the low cost and low Mn+3 solubility which could possibly lead to better capacity retention.
The capacity fade behavior in the NaOH cells follows the trend 1.94 M NaOH≥ 8.9 M NaOH >
5.5 M NaOH. Thus highest capacity retention is seen in 5.5 M NaOH as of cycle 26 and least in
1.94 M NaOH. This was due to a sharp drop in potential seen around -200 mV in the potential vs
time curves. Cyclic voltammetry experiments showed the cause for reduced capacity in 1.94 M
NaOH to be due to the absence of capacity obtained from the reduction of Mn+4 in the pyrolusite
domains of MnO2.
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Chapter 5 An Approach To Reduce Zinc Redistribution In
Rechargeable Alkaline Batteries

5.1.

Introduction

The problem of zinc material redistribution has been defined in chapter 1 of the thesis. Zinc
anodes that are used in high energy density Zn/MnO2 batteries usually contain 85 to 95 wt. %
zinc particles bound together using a Teflon binder. However, such an anode is not conducive if
we are desirable of a long lasting battery at higher utilization of the zinc anode. The reasons are
multifold due to the various types of failure mechanisms observed in alkaline electrolyte,
namely; shape change, dendrite formation and ZnO passivation.
In this chapter we address the problem of zinc anode shape change and propose a more
unconventional method of cycling a zinc anode that can be performed on alkaline batteries which
are limited by the zinc anodes. Here, we propose a cycling procedure that leads to an
electrochemically synthesized ZnO (El. Syn. ZnO) electrode, formed in situ, by first discharging
a metallic Zn anode completely and then charging it up partially. The El. Syn. ZnO anode
consists of a highly porous interconnected network of rod shaped ZnO particles with metallic Zn
interspersed quite uniformly throughout the matrix. This anode is then cycled to about half the
capacity of the metallic Zn formed in the matrix. By adopting this strategy we avoid using
additives, such as carbon felt, and exploit the high (2x105 mho cm-1) conductivity of the metallic
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zinc itself35. The formation of the El. Syn. ZnO anode follows a new cycling procedure, in which
we discharge the metallic Zn electrode to a highly oxidized form (~350 - 400 mV in the anodic
region) and subsequently form regions of high conductivity distributed uniformly throughout the
electrode. Doing so embeds the metallic Zn in the highly porous, interconnected ZnO matrix,
thus, reducing its tendency to dissolve and redeposit at a different place69, 88,89. This El. Syn. ZnO
network is capable of discharging and recharging repeatedly over several cycles while
maintaining its essential architecture with uniform Zn dispersion across the electrode surface
area.

We describe in detail the route to making the El. Syn. ZnO anode and characterizing its bulk
and morphological properties. We use a simple method in measuring the porosity distribution of
the zinc anodes, as well as characterizing the morphology of the El. Syn. ZnO and Zn using
scanning electron microscopy (SEM). We determine crystallite size distribution using X-ray
diffraction. We also study the shape change of zinc anodes by sectioning the anodes, at various
cycle lives and using wet chemistry analysis method for gravimetric determination of Zn and
ZnO. We investigate the reversibility of the El. Syn. ZnO anode against energy dense MnO2 by
galvanostatically cycling the anode at ‘C/3’ discharge and charge rates, where ‘C’ is the cycled
capacity, and high areal capacity (~28 mAh cm-2). We also analyze the cycled anodes for particle
size distribution by embedding anode sections in resin and analyzing the anode cross sections
using ImageJ.
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5.2. Fabrication of the Electrochemically synthesized ZnO anode

Figure 5.1 a describes the steps involved in converting a metallic Zn electrode to a ZnO
electrode. The ZnO anode was electrochemically synthesized in-situ by discharging the metallic
zinc electrode to 1 V at 11 mA cm-2 to completely convert the Zn into ZnO (refer figure 5.1 a, II).
This ZnO is then recharged partially such that only one third of the anode is metallic Zn
embedded in the ZnO matrix (figure 5.1 a, III). This cell is now cycled at the same 11 %
utilization of the total Zn capacity. The cycling protocol is now the same as that for the zinc
‘control’ electrode as described in section 2.4. The cycling of both the zinc ‘control’ cell and the
El. Syn. ZnO anode cell is superimposed for comparison in figure 5.1 a. At points I, II and III of
figure 5.1 a, the anodes were stopped, dissected, washed and characterized for their morphology
and are described in figure 5.1 c. In order to reveal the vast difference in morphology and size of
the Zn particles before cycling and after the formation of the El. Syn. ZnO anode, different scales
were chosen in figure 5.1 c. Figure 5.1 c (I) shows the SEM image of the irregularly shaped zinc
particles used in fabricating the metallic Zn electrode. The mean particle size obtained from laser
diffraction of Zn particles is 63.28 μm, while the mean ferret diameter obtained from ImageJ
analysis is 62.7 μm. As described in the experimental section 2.5, the zinc electrode sheet is
compressed onto the copper current collector at 4.83 KN cm-2. The act of compression increases
the contact area between the current collector and the electrode sheet. It also accomplishes
another task of reducing the thickness of not just the Zn electrode sheet but also the Cu mesh69.
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This changes the final porosity of the zinc electrode. The detailed calculations are shown in the
chapter 2. The calculations reveal an initial porosity of 32.9 ± 4.2 % for the zinc anode.
Figure 5.1 c (II) shows the scanning electron microscope image of the anode after the deep
discharge step. Mainly two types of morphology were detected namely hexagonal nanorods and
needle-like ZnO microstructures. The electrochemically synthesized ZnO nanorods were not
highly aligned and were typically 2 - 3 μm long and 200 - 300 nm in diameter. The normalized
XRD pattern of the as prepared El. Syn. ZnO and the commercial ZnO nanoparticles in the range
2θ = 30˚ to 50˚ is shown in figure 1.b. The peaks were indexed according to the ZnO wurtzite
structure, ICCD PDF-4+ 2019, PDF# 04-005-4711. The 100 and the 002 peaks corresponding to
angles 31.8˚ and 34.5˚, respectively, showed preferred orientation compared to commercial ZnO.
The crystallite size of the ZnO nanoparticles was determined using the Sherrer equation:

Equation 5.1

𝒅=

𝒌𝝀
𝜷𝒄𝒐𝒔𝜽

where, d is the mean crystallite size in nm, k is a constant equal to 0.90, λ is the wavelength of
radiation in nm (0.1541874 nm for CuKα radiation), β is the peak width at half maximum
intensity in radians and θ is peak angle in radians. Using the above equation the mean crystallite
size calculated is 30.41 nm. The commercial ZnO crystallite size is about 52.83 nm. The
crystallite size seen here is less than 0.1 𝜇m and hence the use of Sherrer equation is justified.
Figure 5.1 c (III) shows the scanning electron microscope image of the El. Syn. ZnO anode
in its final step, i.e., on partial recharge. We observe the Zn particles have been uniformly

84

Chapter 5: An approach to Reduce Zinc Redistribution in Rechargeable Alkaline
Batteries

electrodeposited throughout the ZnO matrix with compact zinc morphology69. An ImageJ
analysis done on the Back Scatter Detector images shown revealed a mean ferret diameter of
57.2 μm, signifying that the thus electrodeposited metallic Zn is finer than what we started with
(figure 5.2). The brighter particles are the electrodeposited metallic Zn particles while the darker
matrix around the Zn are the ZnO nano-particles. This step ensures higher overall electronic
conductivity of the anode. The electrode was again dismantled at this point to be sectioned into 9
segments for porosity measurement. Using the ammonium acetate method described in the
experimental chapter, the porosity of the El. Syn. ZnO anode was determined to be about
72.04 ± 6.87 %69. This characterization illuminates the vastly different porosities of the two
types of zinc anodes cycled herein.
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Figure 5.1 a) Potential (V) vs Time (hrs) profile of the Zinc ‘Control’ anode and the El. Syn.
ZnO anode b) XRD profile comparison of the El. Syn. ZnO with commercially available ZnO c)
(I) Zn particles before cycling (scale 100 μm), (II) El. Syn. ZnO nanorods (scale 1 μm), (III)
Electrodeposited Zn in the ZnO matrix (scale 5 μm)
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Figure 5.2 Back Scatter Detector image of the cross section of the El. Syn. ZnO anode on partial
recharge

5.3.

Reversibility of the Electrochemically synthesized ZnO anode
To examine the reversibility of the El. Syn. ZnO anode at 11 % utilization, we cycled the

El. Syn. ZnO anode against excess capacity MnO2 cathodes, at a current density of 10 mA cm-2
or ‘C/3’ rate. To emulate the behavior of real-life batteries which are multicellular stacks, we
cycled two anodes with three cathodes. The discharge and charge capacities correspond to 11 %
utilization of the Zn two-electron reaction and 7 % utilization of the MnO2 1st electron reaction.
The electrolyte used was 40 ml of 37 wt. % potassium hydroxide, which is often used for zinc
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anode batteries because of its high ionic conductivity and good solubility of zincate ions. Here, it
is to be noted that the so formed Zn/MnO2 battery is Zn limited, as the cathode material, MnO2
was well in excess.
Figure 5.3a shows the discharge capacity of the Zinc ‘Control’ cell and the El. Syn. ZnO
cells. During the first deep discharge, 82 % conversion of Zn to ZnO takes place. Figure 5.3 b
shows the minimum cell potential of the control and the El. Syn. ZnO anode batteries. The
Control anode cell starts at a higher minimum potential due to most active material being present
in the form of metallic Zn. The cell minimum potential falls at a very low rate during the first
100 cycles, at 0.96 mV cycle-1. After 115 cycles the drop in the cell potential is rapid with 238
mV loss in 32 cycles. The control cell is considered “dead” at 150 cycles. The El. Syn. ZnO
anode cell, on the contrary, shows a very different cycling characteristic. After the partial
recharge (formation) step, the minimum cell potential is 1.28 V which is lower than the control
cell. This is because during the partial recharge step, the anode gets electrochemically converted
into a mixture of finer Zn particles intimately connected to the ZnO matrix, where the Zn
quantity is lower compared to the ZnO (~68%). Thus cycling of the El. Syn. ZnO anode differs
from cycling of the Zinc ‘Control’ anode because of the fact, that in the El. Syn. ZnO anode, the
anode mixture is always lower in metallic Zn content than the ‘Control’. Hence, we observe the
lower cell potential. However, as the cell cycles, the minimum cell potential gradually increases
up to 1.336 V around 82 cycles and then cycles holding its minimum potential above 1.2 V
comfortably until 215 cycles. The reason we think the cell potential gradually rises is because, at
every cycle, there is a 10 % overcharge provided which slowly pulls up the cell potential as
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shown in figure 5.3 b. The 1 V limit is reached after 262 cycles. Figure5.3 c and 5.3 d give us
insight into the zinc anode potentials as measured against a reference electrode, Hg/HgO. We
observe that the drop in the cell potential corresponds with the drop in the potential for the Zn
anode. This shows that the cell failure is a result of zinc anode failure and not the cathode. The
overpotential on the control anode is about 250 - 300 mV after 200 cycles while that on El. Syn.
ZnO anode; it is only 100 - 150 mV. Four repeats of cells run under the two cycling protocols
were carried out. Figure 5.3e shows the average minimum cell potential of the Zn ‘Control’ cells
and the El. Syn. ZnO anode cells as a function of cycle life. The translucent green shaded portion
around the minimum potential of the El. Syn. ZnO anode shows the standard deviation of the
dataset, while the translucent pink portion is the standard deviation for the Zinc ‘Control’ anode
dataset. On average, the cycle life at which the ‘Control’ cells hit 1 V cut-off limit was 160
cycles while that of the El. Syn. ZnO cells was 270 cycles. Table 5.1 gives us the OCV values
before charge and after discharge at cycle 100 (performing well), cycle 150 (about to die) and
cycle 200 (dead). The end of discharge potential of the anode decreases with cycle number but is
relatively higher for the El. Syn. ZnO anode, denoting superior health and cycling performance
of the anode. Thus, it can be seen that the conversion of the metallic Zn electrode into a ZnO
electrode with finely dispersed Zn resulted in improved cycle life without the use of any
expensive additive. Table 5.2 shows some of the relevant descriptors for our Zn anode system
which can be used to compare with other zinc alkaline batteries87.
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Table 5.1 Open circuit reference potential and end of discharge reference potential vs Hg|HgO
of the Zinc ‘Control’ anode and the El. Syn. ZnO anode at cycles 100, 150 and 200

End of discharge Zn
Before charge Zn reference potential
reference potential
Cycle

(V vs Hg|HgO)
(V vs Hg|HgO)

Number
El. Syn.
Zinc ‘Control’

El. Syn. ZnO

Zinc ‘Control’
ZnO

100

-1.306

-1.318

-1.279

-1.284

150

-1.265

-1.318

-1.108

-1.276

200

-1.260

-1.303

-1.067

-1.221
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Table 5.2 Relevant metrics for evaluation of performance of the El. Syn. ZnO anode and the Zn
‘Control’ anode

Value

Category

Abbreviation

(Electrochemic

Value (Control

Reference

ally Syn. ZnO

‘Zn’ Anode)

35

Definition

anode)
Commerical

Commerical

Cell Type

Coin cell
scale prismatic

scale prismatic

27.22

27.22

3.47

0.85

0.85

0.29

Ratio of cycled
Areal
capacity to the
capacity
Cell

surface area of
(mAh cm-2)
the electrode

Properties

Mass ratio of
active material
𝑚𝐴𝑀
(𝑚𝐴𝑀 ) to
/𝑚𝑎𝑛𝑜𝑑𝑒
anode mixture
(𝑚𝑎𝑛𝑜𝑑𝑒 )

91

Chapter 5: An approach to Reduce Zinc Redistribution in Rechargeable Alkaline
Batteries

Number of
𝑁𝐶

262

150

30

0.99

0.99

0.95

0.12

0.12

0.41

85

85

100

22,270

12,750

3000

cycles
Retention

Averaged
Φ𝑄

Coulombic
efficiency
Averaged

𝑋𝐴𝑀
utilization of
active material
Averaged
Utilization

𝑞𝑑𝑖𝑠
discharge
(mAh gcapacity per
anode
mass of the
-1

mixture )
anode mixture
Product of
averaged
𝑁𝐶 ∙ 𝑞𝑑𝑖𝑠
discharged
(mAh gCombined

capacity per
anode
mass of anode
mixture-1)
mixture and
number of
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cycles
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Figure 5.3 a) Discharge capacity (mAh g-1 Zn-1) vs cycle number of the Control and El. Syn.
ZnO anode cells. ‘*’ indicates that the cell has gone through a deep discharge providing 614.5
mAh g-1 Zn-1 b) Minimum potential (V) vs cycle number c) Cell and auxiliary Zn anode potential
(V) vs time (hrs) at cycles 100, 150 and 200 for the Zinc ‘Control’ anode d) Cell and auxiliary
Zn anode potential (V) vs time (hrs) at cycles 100, 150 and 200 for the El. Syn. ZnO anode e)
Average minimum cell potential (V) with standard deviation for the Zinc ‘Control’ and El. Syn.
ZnO anode cells

5.4.

Post-Mortem Analysis

The cells cycled in figure 5.3 a were dissembled on charge and the cellophane separators
hugging the MnO2 cathodes were carefully unwrapped and examined for zinc dendrites (figure
5.4). The control cell separator was completely penetrated by zinc through all its 6 layers. More
dense penetration was seen on the outer layers than the inner layers. Surprisingly, the El. Syn.
ZnO cell separator was seen to have next to no zinc penetration through its layers. This result
suggests that the El. Syn. ZnO anode was successful in minimizing zinc dendrite formation and
propagation.
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Figure 5.4 Cellophane separator retrieved from a) Zinc ‘Control’ cell b) Electrochemically
synthesized ZnO cell
The cycled anodes were removed from the battery pack and were thoroughly washed with DI
water to remove excess KOH and air dried. Figure 5.5 below shows mass distribution of the
cycled anodes after sectioning them into three horizontal and three vertical sections of 1’’x
0.66‘’ each. The mass shown is the mass of the entire electrode section (Zn, ZnO and Teflon).
The El. Syn. ZnO anode showed higher mass retention (78 %) on the current collector than the
Zn ‘Control’ anode (68 %). Minimum dendrite formation along with higher active material mass
retention could perhaps be the reason for improved cyclability of the El. Syn. ZnO anodes. Thus,
we hypothesize, that cycling an in-situ formed ZnO anode shows better cycle life behavior at the
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same DOD as a traditionally made metallic Zn particle anode because the 3 D porous ZnO
nanoparticle matrix is better capable of arresting zinc material redistribution via shape change or
zinc dendrite penetration.

Figure 5.5 End of cycle life mass distribution of the a) Zinc ‘Control’ cell anode and b) El. SYn.
ZnO anode
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5.5.

Zn and ZnO mass distribution

In order to test the hypothesis, we decided to cycle the zinc anodes in the two cycling
protocols and stop them at various stages of their life and characterize them for the amount of Zn
and ZnO to get a quantitative understanding of shape change as a function of time. Figure 5.6
shows the % Zinc mass distribution in each segment as a function of cycle life. The segments
were divided into two (refer figure 2.4): horizontal sections of top, middle and bottom and
vertical sections of left, center and right. It should be pointed out here that due to nature of the
experimental cell box and design, the active material not strongly adhered to the electrode
(usually seen on the sides of the electrode) was seen to ‘fall off’ from the cell box while
dismantling. The mass distribution shown in figure 5.6 is of the material retained on the anodes.
Equation 5.2 describes all the possible pathways through which active metallic Zn can be lost at
any segment at any time.
Equation 5.2
𝑳𝒐𝒔𝒔 𝒐𝒇 𝒎𝒆𝒕𝒂𝒍𝒍𝒊𝒄 𝒁𝒏 𝒂𝒕 𝒂𝒏𝒚 𝒔𝒆𝒈𝒎𝒆𝒏𝒕 = 𝒁𝒏𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 + 𝒁𝒏𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒐𝒓 + 𝒁𝒏𝒅𝒊𝒔𝒎𝒂𝒏𝒕𝒍𝒊𝒏𝒈 +
𝒁𝒏𝒎𝒊𝒈𝒓𝒂𝒕𝒊𝒐𝒏 𝒕𝒐 𝒂𝒏𝒐𝒕𝒉𝒆𝒓 𝒔𝒆𝒈𝒎𝒆𝒏𝒕 + 𝒁𝒏𝒁𝒏𝑶 𝒇𝒐𝒓𝒎

Loss of material at any segment is either due to its transport to another segment via solution
phase, or due to it being in the form of ZnO. The loss of Zn to the separator (in the form of ZnO
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or dendrites), solution and zinc that fell off from the anode due to poor adhesion were not
considered here. The zinc in the bulk electrolyte is analyzed and the data is shown in figure 5.7.a.
For the control cell anode, an overall loss of Zn material is seen from the top layer while
accumulation of mass is observed in the bottom layer. As cycle life progresses, segments 1, 2
and 3 underwent major losses, with 20 % or less material retained on the electrode. In the middle
layer, segments 4 and 6 showed decline in Zn active material with cycle life. The amount of Zn
retention in the middle layer is higher than in the top layer. Segment 5 showed relatively steady
and higher Zn retention of above 60 %. The bottom layer of the control anode exhibited highest
active material deposition. Segment 7 in the control anode accumulates the largest amount of
metallic zinc (68 to 85 %). Not only is segment 7 at the bottom of the anode but it is also in the
outer periphery of the anode which is in contact with an electrolyte reservoir. As the percent
retention is never above 100 %, this means that there is an overall decrease in metallic Zn in the
control anodes. This is due to loss of Zn into the solution phase due to high solubility of
𝑍𝑛(𝑂𝐻)2−
4 ions. The amount of ZnO in the control zinc anode was not very significant. Overall,
we observe the classic ‘hill’ like profile of Zn shape change where material agglomerates
towards the center and bottom (especially outer corners) while the top of the electrode
predominantly depletes in active material.
When the same metallic Zn was converted to a ZnO anode in-situ, we see a different profile
for material distribution. After partial recharge of the ZnO matrix, on an average 68 % of the
electrode is now El. Syn. ZnO and the remaining Zn exists as metallic Zn embedded in the
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matrix. The most surprising result was the higher retention of metallic zinc in the top layers.
Segment 3, which undergoes the highest loss of metallic Zn in the control cell anode, when
converted into ZnO retained about 40% of the metallic Zn with increasing cycle life. Segment 2
suffers loss of Zn material from cycle 30 (~57 %) to 50 % at cycle 66 to only 30 % at cycle 90.
However, the % Zn retention is higher in comparison to segment 2 of the control zinc anode
which conserves only 25 - 27 % of its metallic Zn. Thus we see that the topmost layer, where
usually maximum material loss occurs is reduced in the El. Syn. ZnO anode. This signifies that
although redistribution does occur, its propagation is lowered due to having the Zn embedded in
the ZnO matrix. Segments 5 and 8 show considerable higher % Zn retention compared to any
other segment in the anode and is consistently ~ 75 % or above throughout cycling. Segments 4
and 6 do not show any considerable change from cycle 66 to cycle 90 in their Zn masses while
segments 7 and 9 retain about 38 - 40 % of metallic Zn, showing that the bottom corners of the
El. Syn. ZnO electrode do not amass metallic Zn. This study clearly demonstrates that the
severely heterogeneous Zn deposition as seen in the zinc ‘control’ anodes is reduced in the El.
Syn. ZnO anode.
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Figure 5.6 Percent Zinc mass distribution across the nine segments in (a) Zinc ‘Control’ anode
and (b) El. Syn. ZnO anode
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5.6.

Electrolyte Analysis

Apart from analyzing the zinc anodes, the bulk electrolyte was also analyzed for zincate ion
concentration (figure 5.7 a) The equilibrium concentration of zinc oxide in 37 % KOH is 0.98 M.
It was consistently seen that the electrolyte in the control cells was either saturated or supersaturated with zincate. On the contrary the El. Syn. ZnO anode cells were always under-saturated
with zincate. This however, does not mean that within the anodic compartment there is no
supersaturation. But it shows that the movement of zincate ions out of the anodic compartment
has been greatly restricted possibly due to immediate precipitation. Hence, the presence of no
zinc dendrites on the cellophane separator that were used in the El. Syn. ZnO anode cells.
Figures 5.7 b and 5.7 c shows the total Zn and ZnO mass retained on the electrode for each cycle,
respectively. The total amount of zinc at every cycle was comparable to that in the control cell
signifying reversible electrochemical conversion between Zn and ZnO. It was also seen that the
remaining zinc active material was mostly in the form of ZnO in the El. Syn. ZnO anode
compared to that in the control zinc anode. This is the main benefit of undergoing full
electrochemical conversion of metallic Zn to ZnO. It shows that trapping metallic Zn in the form
of ZnO blocks the loss of Zn through other pathways, such as 𝑍𝑛𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 , 𝑍𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 , etc. while
maintaining a porous electrically conductive network capable of charging/discharging. As cycle
life progresses, the amount of ZnO on the El. Syn. ZnO anode diminishes. Material redistribution
does occur on the El. Syn. ZnO anode however, it is lower than that on the control zinc anode as
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zinc oxide has a lower chemical potential than metallic zinc in alkaline environment. Material
redistribution is also propagated due to the presence of a reservoir at the top and sides, which
was present in both the anodic configurations. Due to the presence of an electrolyte reservoir on
the sides of the cell pack heavy mossy zinc growth on the sides is observed. This mossy zinc is
not very firmly adhered and therefore falls off during dismantling. This loosely adhered zinc was
collected from both the Control and the El. Syn. ZnO cells after cycle 30, as seen in figure 5.7 d.
The amount collected from the control zinc anode cell was much higher signifying increased
transport of zinc to areas having excess electrolyte. The greater dendritic penetration of the
cellophane separator in the Control cell (figure 5.8) suggests that it is the unrestrained movement
of soluble Zn species that causes cell failure in alkaline zinc anodes.
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Figure 5.7 a) Zincate ion concentration (M) determined from bulk electrolyte analysis at cycle
number 30, 66 and 96 b) and c) Total Zn and ZnO mass (g) retained on the electrode at cycles
30, 66 and 96 for Zinc ‘Control’ anode and El. Syn. ZnO anode, respectively d) Zinc dissociated
from the electrode during dismantling from Zinc ‘Control’ anode and El. Syn. ZnO anode
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Figure 5.8 Separator removed from the Zinc ‘Control’ anode cell (left) and the Electrochemically
synthesized ZnO cell (right) after cycle 30

5.7.

Particle size distribution

The cross sections of the diagonal segments (segments 3, 5 and 7) of the anodes were
studied under the scanning electron microscope. Figure 5.9 shows the back scatter detector
images of the anodes stopped after cycle 30 on charge. Since the zinc particles are non-spherical
in shape, there is no one parameter that can be used to characterize them sufficiently. Hence, we
determine the Feret diameter to measure the size of the particles. The Feret’s diameter is defined
as the longest distance between two points along the selection boundary and is determined using
ImageJ analysis.
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For the control cell anode, the BSD images endorse the findings of the ammonium acetate
tests. Segment 3 (figure 5.9 a) shows very low zinc quantity. The mean Ferret diameter is about
51 μm. The circularity determined from ImageJ analysis is 0.85, which means that the particles
are close to spherical (a perfect sphere has a circularity of 1). In contrast, segment 5 shows more
amount of zinc, however more irregularly shaped, with some spherical while some more oblong.
The mean size in segment 5 was higher than in segment 3, around 76.7 μm. The cross-section
image of segment 7 of the control anode shows zinc particles that are more elongated in shape
(circularity = 0.67) and larger than both segment 5 and 3 in size. The mean size of the particles
was determined to be 96.3 μm which is of the order of magnitude of the width of the current
collector. In some other images the Zn particles are also seen to be very densely packed. Thus
we conclude that there is remarkable particle size and thickness variation in the control cell
anode after merely 30 cycles. Figure 5.10 shows a comparison of the particle size distribution of
the control anode zinc particles and the El. Syn. ZnO anode particles.
The most notable quality of the El. Syn. ZnO anode, as seen from the BSD images (figure 5.9
b), is the uniformity of the electrode thickness and Zn particle size across the diagonal segments.
The mean Ferret diameter for segment 3 was around 79 μm, while that for segment 5 and 7 were
found to be slightly on the lower side, 70.9 μm and 62.3 μm respectively. A closer look at some
of the Zn particles revealed very high internal porosity. This type of zinc has been called as
mossy zinc in literature and is formed when the ratio of current density to the limiting current
density is less than 0.338. It is therefore concluded that the zinc anode has micro and/or nano-
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porosity in the ZnO matrix and in the metallic Zn particles which sustain electrochemical
discharge/charge reactions in the El. Syn. ZnO anode.

Figure 5.9 Back Scatter Detector images of cross-sections of segments 3, 5 and 7 (L-R) a) Zinc
‘Control’ Anode and b) El. Syn. ZnO anode
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Figure 5.10 Feret Diameter Distribution across segments 3, 5 and 7 for a) Zinc ‘Control’ Anode
and b) El. Syn. ZnO anode
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5.8.

Effect of the in-situ formation step
Two types of anodes were created in this study to understand the effect of forming the El.

Syn. ZnO anode in-situ. The first anode was the El. Syn. ZnO anode formed as mentioned in the
previous sections of this chapter and the second type of anode was formed by mixing ZnO
particles with a Teflon binder. Since we have already found that the crystallite size of the
commercially used ZnO particles is greater than that of the electrochemically synthesized ZnO
particles, we decided to test the two electrodes containing the same type of ZnO. The ZnO
chosen used was electrochemically synthesized by discharging 100 wt. % Zn electrode and
collecting the ZnO thus formed by washing and drying it. This ZnO was then mixed Teflon to
create an electrode which was 95 wt. % ZnO.
The electrodes were cycled at 11 % DOD of the total zinc content in them against
NiOOH/Ni(OH)2 cathodes. The separators after cycle 30 were analyzed for zinc penetration as
shown in the figure 5.11 below. We find that electrode formed by mixing the ZnO particles and
Teflon showed signs of zinc propagation through the separators while the cell containing the El.
Syn. ZnO anode formed in-situ showed no such signs of any zinc penetration through the six
layers of the separators. This experiment shows that there is a considerable effect of how the El.
Syn. ZnO is formed and cycled, i.e., whether it is formed in-situ or ex-situ. This experiment
reveals that the process of forming the electrode in-situ is more advantageous as it more efficient
in retaining the zincate ions in the anodic compartment and hinders its propagation through the
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separators into the cathodic compartment. One possible reason behind this difference can be
explained as follows. In the case of the ZnO anode formed by mixing ZnO particles with Teflon,
the charging and discharging of the electrode results in expansion and contraction of the
electrode matrix. This is due to the molar volume of zinc oxide (14. 5 cm3/mol) being much
larger than that of metallic zinc (9.16 cm3/mol). This expansion of the anode during discharge
may result in the electrolyte reservoir adjacent to the anode to become thinner resulting in
pushing out some of the electrolyte. The contraction of the electrode during charge may result in
the electrolyte reservoir adjacent to the anode to become thicker due to the influx of electrolyte
from the outside the anodic compartment. Repeated expansion and contraction during cycling
causing continuous movement of electrolyte in and out of the layer nearer to the anode could
possibly be the reason for aggravated zinc redistribution in the case where the ZnO anode formed
by mixing ZnO particles with Teflon. However, when we carry out an in-situ formation step of
the El. Syn. ZnO anode, the transport of species in the anodic compartment now is quite
different. During the deep discharge step, the anode expands to its full capacity resulting in a) a
tight and snug fit of the electrode pack in the cell box and b) the electrolyte layer next to the
anode is now very thin. The charge discharge reactions now happening inside the porous El. Syn.
ZnO matrix with possibly reduced expansion and contraction of the electrode volume as noticed
from the back scatter detector studies conducted at cycle 30. As a result, the active material
redistribution is curtailed to a good extent.
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Figure 5.11 Cellophane separators from a) El. Syn. ZnO anode formed in-situ and b) ZnO anode
formed by mixing El. Syn. ZnO with teflon

We think that the electrochemically engineered ZnO nanoparticle matrix which is more
non-reactive than metallic Zn towards shape change helps in locking the Zn particles within its
matrix, thereby retaining a more uniform Zn particle network during cycling. The novelty of our
approach lies in the fact that we demonstrate this concept against MnO2 cathodes which have
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traditionally been cycled against metallic Zn anodes. The discharge of zinc particles embedded
within the ZnO network, due to being surrounded by ZnO nanorods, results in immediate
precipitation within the anodic compartment thus arresting the zincate movement as shown in the
figure 5.7 a zincate concentration data. In the past it has been observed by McBreen that the
current distribution falls to zero near the top of the electrode due to severe shape change55. As the
El. Syn. ZnO anode retains material more uniformly throughout the electrode matrix, the nonuniformity in current distribution is also addressed to a good extent. Thus, due to the above
reasons cycling of the electrochemically synthesized ZnO anode is recommended over cycling of
purely metallic zinc anodes in concentrated alkaline electrolytes. The approach we suggest can of
course be used together with additives to further stabilize the zinc anodes and extend cycle life.

5.9.

Conclusion

We have introduced a simple method for mitigating zinc redistribution in aqueous zinc
batteries by electrochemically synthesizing a three dimensional ZnO matrix with finer zinc
particles interspersed within, in-situ. The El. Syn. ZnO anode exhibits improved cycle life
performance compared to the control cell at 11 % utilization of the Zn anode without the addition
of any additive. The superior performance is attributed to the highly micro-porous ZnO structure
due to its ability to reversibly convert the ZnO to Zn and uniformly depositing Zn with a
narrower particle size distribution of 62 - 79 μm thus ensuring uniform current distribution. From
the extensive post-mortem analysis of the El. Syn. ZnO anode at various cycles, it is noted that
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the amount of Zn active material is higher near the top region which usually depletes in the
control anodes with cycle number. The remainder of active material prevails on the electrode in
the form of ZnO. As a result its movement all over the electrode and to other regions of the
battery is restricted, thus reducing shape change. More surprisingly, the separators were seen to
have next to no zinc dendrite penetration due to the cycling of microporous El. Syn. ZnO anode.
This was attributed to the reduced concentration of zincate in the bulk electrolyte.
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Chapter 6 Conclusions
The Zn/MnO2 battery is highly lucrative due to a number of reasons such as abundant
raw materials, water compatibility, high specific gravimetric capacity and low cost of the raw
materials and is used for several primary applications. However, employing this battery
chemistry for rechargeable applications such as for grid scale energy storage leads to significant
capacity decay due to evolution of non-rechargeable materials in the battery electrodes and
changes occurring at the electrode-scale and particle-scale ultimately rendering the battery nonrechargeable. \
In this thesis we have attempted to address problems related to both the MnO2 and the Zn
electrode. MnO2 rechargeability in KOH has been found to be strongly dependent on the
concentration of KOH used. The capacity fade behavior observed in KOH system follows the
trend 8.9 M KOH > 5.5 M KOH > 1.94 M KOH. As seen in chapter 3, the trend is followed in
100 %, 50 % and 30 % depth of discharge of the 1st electron capacity, signifying that the capacity
fade behavior remains unchanged irrespective of the material utilization of MnO2. The root cause
behind capacity decay was determined to be due to a blocking layer of birnessite formed around
the MnO2 particle as the cathode undergoes deep charge-discharge cycles. The reduction of γMnO2 leads to the formation of Mn+3 in the crystal structure which has high solubility in 37 wt.
% KOH. This soluble Mn species, 𝑀𝑛(𝑂𝐻)3−
6 , on charge electrodeposits as birnessite around the
γ-MnO2 particle thus impeding the main homogeneous reduction process responsible for
providing discharge capacity. The solubility effects are seen much earlier in large scale thicker
cathodes as shown from the stationary detector electrode experiments, most probably due to non114
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uniform current distribution leading to higher utilization of the particles closer to the cathodeelectrolyte end rather than at the current collector-cathode end. The birnessite so formed also
discharges at a lower potential without providing much capacity in the 1st electron region. We
show that this is possibly due to the lower average oxidation state of birnessite due to significant
presence of Mn+3 and Mn+2 as shown in the XPS data of ex-situ synthesized birnessite. On the
contrary, cycling a γ-MnO2 cathode in 10 wt. % KOH provides highest capacity retention with
minimum amorphization of the cathode. This was due to the lower solubility of Mn in the lower
KOH concentration which blocks pathways leading to the formation of non-rechargeable
products such as birnessite and retains the original pristine γ-MnO2 phase with some changes due
to lattice expansion along with the presence of small amounts birnessite and MnOOH phase.
Thus the study conducted on γ-MnO2 rechargeability at different utilization and in different KOH
concentrations explains the favorability of 10 wt. % KOH over 37 wt. % KOH. In chapter 4 we
investigated the rechargeability of γ-MnO2 in NaOH electrolyte, where we find a different trend:
1.94 M NaOH ≤ 8.9 M NaOH < 5.5 M NaOH. Highest capacity loss in this case was seen in
1.94 M NaOH due to the very low solubility of Mn+3 in 1.94 M NaOH resulting in a small
percentage of capacity coming from the reduction of pyrolusite domains as seen in the cyclic
voltammetry curves.
In chapter 5 we have addressed the problem of zinc anode shape change by proposing a novel
cycling protocol for the zinc anode. This new protocol converts a traditional cycled zinc
electrode made from metallic zinc particles into a highly porous interconnected conductive
network of ZnO nanorods with uniformly distributed metallic zinc particles. A comparison of the
cycle life performance of the electrochemically synthesized ZnO anode and the Zinc ‘Control’
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anode showed a ~70% improvement in cycle life in the cells that had undergone the preconditioning step thus proving the advantage of using the protocol suggested herein. The cause
behind the improvement in cycle life was thought to come from three places: 1) Less dendritic
penetration through the cellophane separator 2) Higher material retention (Zn and ZnO) on the
electrode especially in the upper region that usually undergoes severe shape change and 3)
Uniform particle size distribution and more uniform thickness of the anode across the length of
the electrode as seen from the back-scatter detector electrode images. The low zincate
concentration as well as the lower amount of stray zinc collected during dissembling the cell
suggests the so-formed El. Syn. ZnO is capable of retaining active material on the current
collector more uniformly than the traditionally cycled Zn electrodes, ultimately resulting in
improved cycle life.
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APPENDIX A

Number
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Test Name on Voltaiq
SK_50DOD_MnO2_37percentK
OH_Cby10
SK_50DOD_EMD_37KOH_lastp
oint_again (repeat of No.1)
SK_50DOD_MnO2_10percentK
OH_Cby10_3
SK_50DOD_MnO2_25percentK
OH_Cby10_2
SK_CdMnO2_37KOH_formed_
Nileshcathode_Cby20
SK_formed_CdMnO2_25KOH_1
stfullelectron
SK_CdMnO2_10KOH_formed_
Nileshcathode_Cby20
SK_50DOD_EMD_8pt9MNaOH
_repeat1 (14 cycles)
SK_8pt9NaOH_cycle15 (No 8.
Continued)
SK_50DOD_EMD_1pt94MNaO
H_repeat1 (14 cycles)
SK_1pt94MNaOH_cycle15 (No
10. Continued)
SK_50DOD_EMD_5pt5MNaOH
_repeat1
SK_30DOD_EMD_repeat7_2020
_37KOH_Cby6
SK_30DOD_EMD_10KOH_mar
ch4_2020_Cby6
SK_30DOD_EMD_25KOH_Oct
2020_Cby6

Cycling Protocol
CC-CV at C/10 to
0.32 V on charge to 0.38 V on discharge.
Single 2’’x3’’ UEP
cathode. Cathode
specs on section 2.2

CC-CV at C/20 1.65 V
on charge to 0.6 V on
discharge. Single
2’’x3’’ γ-MnO2
cathode. Cathode
specs on section 2.2
CC-CV at C/10 to
0.32 V on charge to 0.38 V on discharge.
Single 2’’x3’’ UEP
cathode. Cathode
specs on section 2.2

CC-CV at C/6 to 0.32
V on charge to -0.38 V
on discharge. Single
2’’x3’’ UEP cathode.
Cathode specs on
section 2.2
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Counter
Electrode
Ni(OH)2/
NiOOH
wrapped in
3 layers of
cellophane

Formed Cd
wrapped in
3 layers of
cellophane

Ni(OH)2/
NiOOH
wrapped in
3 layers of
cellophane

Electrolyte
37 wt. %
KOH
37 wt. %
KOH
10 wt. %
KOH
25 wt. %
KOH
37 wt. %
KOH
25 wt. %
KOH
10 wt. %
KOH
8.9 M
NaOH

1.94 M
NaOH

5.5 M
NaOH
37 wt. %
KOH
10 wt. %
KOH
25 wt. %
KOH
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APPENDIX B
Number
1.

Test Name on Voltaiq
SK_cps_control1_37KOH

Cycling Protocol
CC-CV at C/3 to
1.65 V on charge
to 1 V on
discharge

2.

SK_cps_control_repeat6

3.

SK_cps_control_12DOD_zinc_repeat
_analysis2

4.

SK_control_12dodZn_repeat_Godkno
wswhat_37KOH

5.

SK_cps_control_12DOD_Zn_repeatla
st_37KOH

6.

SK_CPS_control_patent_37KOH

7.

SKMN_patent_12dodZn_37KOH_1

8.

SK_cps_control_patent_repeat4_12D
OD_Zn

9.

SK_patent_2V_12dod_Zn_again

10.

SK_cps_patent_control_12dod_zinc_r
epeat1
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CC at C/3 to 2 V
on charge to 1 V
on discharge
Deep discharge at
C/20 to 1 V
followed by CCCV at C/3 to 1.65
V on charge to 1
V on discharge

Deep discharge at
C/20 to 1 V
followed by CC
at C/3 to 2 V on
charge to 1 V on
discharge
Deep discharge at
C/20 to 1 V
followed by CCCV at C/3 to 1.65
V on charge to 1
V on discharge

Cathode
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes
3 UEP
MnO2
cathodes

Electrolyte
37 wt. %
KOH

3 UEP
MnO2
cathodes

37 wt. %
KOH

37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
37 wt. %
KOH
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